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In recent years, microRNA (miRNA) has garnered a high level of interest in the field of 
biosensor development. MiRNA are a class of small, circulating RNA sequences that 
are essential for healthy control of protein expression. The variation of levels of specific 
miRNAs has been linked with over 150 diseases since the turn of the millennium, 
including cancers, cardiovascular diseases, parasitic infections and neurological 
disorders. The improved prognosis from early detection is stark, but established 
methods of miRNA detection suffer from poor sensitivity, low throughput, and require 
specialised laboratory equipment and trained staff to perform the time-consuming 
techniques. A simple, cheap and sensitive miRNA point of care sensor would be an 
invaluable tool in healthcare.  
This thesis presents the continued optimisation of a miRNA sensing hydrogel with 
oligonucleotide crosslinks that are selectively cleaved in the presence of the target 
miRNA sequence. This selective reduction in crosslink density was transduced by a 
change in the swelling profile of the hydrogel and intelligent crosslink design used to 
control the swelling response for detecting a miRNA sequence, a short RNA (sRNA) 
sequence, or a small molecule using an aptamer. Morpholino oligonucleotides (MOs), 
an uncharged DNA analogue, were functionalised with an acrylamide moiety and used 
as responsive crosslinks for miRNA sequence detection in a world’s first MO 
crosslinked hydrogel. The MO crosslinks offered significant improvements over DNA 
crosslinked hydrogels through improved thermal stability, no salt requirement and 
1000-fold improved sensitivity, facilitating a wider range of sensing conditions. 
Analysis was also achieved using a mobile phone camera and laptop, demonstrating 
portability. 
Carbon nanoparticles (CNP) were suspended in the hydrogels to act as a conductive 
component. As the hydrogel swells the distance between the particles is increased 
until there is no conductive pathway, resulting in an increase in the hydrogel’s 
resistance. Numerous reproducibility challenges were identified with regards to gel 
delamination and CNP leaching partly due to inefficient UV photoinitiation of the 
pigment composite pre-gel solution. SEM imaging identified inconsistent composite 
homogeneity with areas of higher CNP and gel density in DNA crosslinked 
 v 
composites, while MO crosslinked composites were homogenous and less 
conductive.  
Inkjet printing of the composite material using an electrostatic dispersion as the 
conductive component was made possible using MO crosslinks with no salt and 
ammonium persulfate with TEMED in place of UV initiation. Optimised synthesis 
resulted in homogenous conductive composites far more robust and reproducible than 
the UV initiated CNP composite. However, MO solution viscosity resulted in improper 
aspiration and inaccurate deposition. Potential solutions and improvements are 




Current healthcare infrastructures can be helped by diagnosing disease faster, more 
accurately and earlier. In all treatable diseases, starting treatment or management 
earlier is more likely to result in an improved outcome, however, many tests to obtain 
these diagnoses are invasive, expensive or rely on symptoms that occur at later stages 
of disease progression. Point of care testing for biomarkers, molecules which indicate 
a specific disease, can use bodily fluids like blood or urine to diagnose disease faster, 
more accurately and sooner. MicroRNA, short strands of RNA, are essential cell 
regulators that can be used as biomarkers. Disease states result in abnormal 
microRNA levels that can diagnose almost any disease, including identifying between 
different types and stages of cancer. Current tests for microRNA are expensive, slow 
and require specialist equipment and trained personnel.  
This research aims to develop a new sensor for microRNA using polymers that swell 
in the presence of the target microRNA strand. This polymer hydrogel is like a sponge 
that absorbs water and the amount of water it can absorb is controlled by the number 
of links within the hydrogel. Using DNA links that are broken by the target microRNA 
strand means that when the target microRNA is in a sample the polymer will absorb 
more water and swell to a larger size. This can be measured electrically by adding 
conductive particles. When the polymer is dense, the particles are close and the 
material is conductive. As the polymer swells, the particles move further apart and the 
material is less conductive. This enables a simple testing method as results can be 
easily computerised or handled on a smartphone.  
This thesis describes the development of this microRNA sensing polymer. The 
polymer components and manufacture method were optimised and challenges 
identified. The use of Morpholino Oligonucleotides, structurally similar to DNA, in a 
world’s first Morpholino Oligonucleotide crosslinked hydrogel offered a 1000-fold 
improvement in sensitivity over DNA crosslinked hydrogels, with better thermal 
stability and reduced salt sensitivity. Furthermore, inkjet printing of this material was 
developed to enable greater throughput and smaller volumes for potential 
commercialisation. Future work may further develop this material and sensor design 
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Chapter 1 Introduction 
 
Detection of biomarkers through use of analytical biosensors is an important aspect of 
modern biomedical research. Biosensors can be used in a wide variety of applications 
including clinical diagnostics, drug discovery and biodefense.1 In particular, sensitive 
measurement of short nucleic acid sequences remains challenging, yet has huge 
potential in improving diagnostics and disease monitoring. MicroRNA (miRNA) are a 
class of short oligonucleotides which can serve as biomarkers for almost all diseases 
and conditions. Current commercial detection techniques remain too complex, 
expensive and lengthy for wide-spread use. A simple and cost-effective miRNA 
detection method could rapidly flourish as a new biomedical technique and 
revolutionise healthcare. Current pressures on healthcare infrastructures could be 
reduced with efficient, facile testing, while healthcare in remote areas or developing 
countries could be greatly improved. 
This chapter will introduce miRNA and in particular its potential as a clinically relevant 
biomarker. The challenges of current detection methods of miRNA will be discussed, 
as well as invasive techniques that may be replaced by miRNA sensing. This thesis 
presents an oligonucleotide crosslinked hydrogel and the attempted transduction 
methods for miRNA detection. In particular, it addresses the limits of optical 
transduction methods and the challenges of synthesising conductive composites by 
incorporation conductive particles within the hydrogel. Furthermore, it presents an 
inkjet printed method of synthesis in a step towards commercialisation. The principles 





MiRNA are non-coding RNAs around 19-25 nucleotides (nt) long.2,3 The term miRNA 
was coined in 2001 by Ruvkun et al., having been first described by Lee et al. as “small 
RNAs with antisense complementarity” in 1993.4–6 Interest in miRNAs as biological 
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regulators has been increasing since the turn of the millennium, as evidenced by the 
ever-increasing number of publications per year on this topic (Figure 1.1). Of particular 
interest is the investigation of miRNA in disease states and the potential use of miRNA 
as diagnostic biomarkers. 
 
Figure 1.1 Number of publications per year associated with miRNA. Literature search performed on 
PubMed with search terms “microRNA OR miRNA”, “microRNA OR miRNA AND disease” or “microRNA 
OR miRNA AND biomarker”. (a) Number of publications per year (b) Publications per year as the 
percentage of total publications recorded on PubMed. 
 
1.1.1 Expression, Structure and Activity of microRNA 
 
Mature miRNA sequences are made of a ribose-phosphate backbone with adenine, 
guanine, cytosine or uracil nucleobases (Figure 1.2). There have been over 2500 
miRNA sequences identified in humans, with estimates that 1-3% of the human 
genome codes for miRNAs which control an estimated 30% of all genes.7–11 MiRNAs 
are involved in controlling various essential biological processes including cell 
proliferation, differentiation, metabolism and apoptosis, with estimates that >60% of 
human genes have conserved miRNA binding sequences.8,12–14 As such, miRNA are 
found in every cell and a variety of bodily fluids, an advantageous feature for potential 
biosensing applications.15 
a) b) 




Figure 1.2 Structure of RNA that makes up miRNA, where “B” denotes one of the four RNA nucleobases 
adenine (A), uracil (U), guanine (G) or cytosine (C). Uracil occurs in place of thymine (T) found in DNA 
sequences.  
 
Eukaryotic miRNA biogenesis and expression begins in the cell nucleus (Figure 1.3). 
Much like mRNA, miRNA is transcribed from the DNA template, frequently originating 
from introns of the pre-mRNA transcript whose exons encode a mRNA.10,12,16 This co-
expression of mRNA and miRNA means that regulatory elements of gene expression 
can simultaneously control miRNA expression.10,13,16 Transcription of miRNA genes or 
introns occurs via RNA polymerase II (Pol II) to form primary-microRNAs (pri-miRNA). 
These primary transcripts are single stranded RNA molecules and can be >1000 nt 
long. Pri-miRNA strands typically contain an RNA hairpin 60-120 nt in length, one 
strand of which contains the mature miRNA sequence.17 This pri-miRNA hairpin 
structure is then cleaved from the remaining single-stranded RNA by a microprocessor 
complex of Drosha, a double-strand-specific ribonuclease, with Pasha (DGCR8), a 
double-stranded RNA binding protein, forming precursor-microRNA (pre-miRNA).18  




Figure 1.3 Illustration of the canonical linear miRNA biogenesis and processing into mature miRNA 
(red). The primary miRNA transcript (pri-miRNA) is produced by RNA polymerase II and cleaved by 
Drosha and Pasha (DGCR8) to form pre-miRNA. The pre-miRNA hairpin is the exported from the 
nucleus by Exportin-5-Ran-GTP into the cytoplasm where the RNAse Dicer, with a double-stranded 
RNA-binding protein (TRBP), cleaves the hairpin to a duplex of mature miRNA length. The mature 
miRNA sequence is then loaded with argonaute 2 (AGO) proteins into the RNA-induced silencing 
complex (RISC) and guides RISC to the target mRNAs to induce mRNA cleavage, translation 
repression or deadenylation. The passenger strand is degraded. Figure adapted from Winter et al.16 
 
The pre-miRNA is then exported from the nucleus into the cytoplasm via Exportin-5 
(XPO5).19 The pre-miRNA is then further cleaved by DICER which removes the hairpin 
structure to leave a partially double-stranded miRNA duplex, with one strand being the 
mature miRNA sequence.20 The duplex is loaded onto Argonaute 2 (AGO) proteins, 
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whereby the mature miRNA strand remains and the passenger strand is discarded 
and degraded. Mature miRNA is then incorporated into an RNA-induced silencing 
complex (RISC) and exerts control over mRNA targets through inducing mRNA 
cleavage, translational repression, or through causing mRNA deadenylation which 
leads to earlier mRNA decay.21 Through down-regulation of mRNAs, miRNAs act as 
post-transcriptional regulators. Each miRNA stand may target multiple mRNA 
sequences, while each mRNA sequence may be regulated by numerous miRNAs.22 
 
1.1.2 MicroRNA in Disease 
 
MiRNAs were first identified as a potential biomarker in 2002, when Calin et al. 
identified that two-thirds (41/60) of chronic lymphocytic leukemia (CLL) cases 
exhibited miR15 and miR16 deletion or down-regulation.23 Subsequent research 
confirmed this finding and further identified an inactivating germline mutation which 
reduced expression of both miR15 and miR16 which could be implicated in the familial 
association seen with CLL.24 It was further discovered that miR15 and miR16 are 
oncomiRs which act as tumour suppressors through downregulation of B-cell 
lymphoma 2 (BCL2) expression, an anti-apoptotic oncogene.25,26 
Since 2002, miRNA have been linked to more than 150 diseases27 from cancers11,28–
30 and heart disease31 to viral11,32,33 or parasitic infections34 and even neurological 
disorders like Alzheimers.35–37 MiRNA can be used to diagnose some of top global 
causes of death, as well as rarer diseases38 and physical traumas such as traumatic 
brain injuries.39 Further uses include food safety, forensic science and counter-
terrorism.40–43 
The expression of miRNA sequences can be up- or downregulation in response to 
changes in tissue during healthy cell regulation or in disease states, such as genetic 
mutations associated with cancer, or be mutated themselves. As such, they are 
extremely information-rich biomarkers. Furthermore, they can facilitate earlier 
diagnosis as abnormal miRNA expression can occur during early stages of 
disease.44,45 
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Table 1.1 Examples of miRNA as biomarkers. Adapted from Maqbool et al., Detassis et al. and 
Salvatore et al.11,30,38 
Disease miRNA Expression Status Alzheimer’s disease miR29a/b, miR107 Down-regulated B-cell lymphoma miR155 Up-regulated   miR17-19b cluster Overexpression    miR15a, miR161, miR143, miR145 Down-regulated  Breast cancer  miR21, miR96, miR183, miR182, miR141, miR200a, miR429 Up-regulated   miR139, miR143, miR145 Down-regulated Cardiac hypertrophy  miR195 Up-regulated Cardiac hypertrophy miR1, miR133 Down-regulated Colorectal cancer  miR19a, miR21, miR146 Up-regulated   miR34b/c Epigenetic silencing   miR1, miR143, miR145, miR545 Down-regulated Gastric cancer miR21, miR152 Down-regulated Liver cancer miR885-5p Up-regulated   miR424, miR326, miR511, miR125b-2, miR451  Down-regulated Lung cancer miR21, miR23, miR187+H15:H29 Up-regulated   miR30a-3p, miR383, miR448, let7 family Down-regulated Lung adenocarcinoma and 
squamous cell carcinoma  
miR21, miR205, miR375    
Lung neuroendocrine cancer 
histotypes  
miR15a, miR22, miR141, miR497, miR129-5p, miR185, 
miR409-3p, miR409-5p and miR431-5p, miR129  
  
Muscular dystrophy miR206 Over-expressed   miR1, miR133 Down-regulated Obesity miR143 Up-regulated   miR17-92 Over-expressed Ovarian cancer  miR9 Up-regulated   miR187  Down-regulated   miR15a, miR16-1 Frequently deleted or down-regulated    miR10a, miR622, miR767-5p, miR888, miR1280  Somatic mutations  Pancreatic cancer  miR21  Up-regulated   miR7, miR137 Down-regulated Parkinson’s disease  miR133 Down-regulated Prostate cancer  miR21  Up-regulated   miR15a, miR16-1 Frequently deleted or down-regulated    miR130b∼301b cluster, miR143, miR145 Down-regulated Renal cell carcinoma  miR187  Down-regulated Viral myocarditis  miR1, miR21, miR146b Over-expressed   miR155 Up-regulated Rare Diseases     Duchenne muscular dystrophy  miR206, miR181, miR1, miR133, miR29  Up- / down-regulated Amyotrophic lateral sclerosis  miR206 Down-regulated Sézary syndrome  miR21, miR214, miR486, miR18a, miR342, miR31, let7, miR233, miR199a 
Up- / down-regulated  
Rett syndrome  miR146a, miR146b, miR130, miR122a, miR342, miR409 miR29b, miR329, miR199b, miR382, miR296, miR221, miR92  
Up- / down-regulated  
Multiple osteochondromas   miR21, miR140, miR145, miR214, miR195, miR451, miR483  Up- / down-regulated  Hailey-Hailey disease miR181a, miR125b, miR99, miR106a Up- / down-regulated  Hepatoblastoma  miR214, miR199a, miR150, miR125a, miR148a, miR492  Up- / down-regulated   
As well as facilitating earlier diagnosis, miRNA can be used to predict patient 
prognosis or monitor disease progression.30,46 They can give insight into both tumour 
genotype and phenotype which could be used for more effective personalised 
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healthcare. Drug resistance, to date mostly investigated with regards to cancer 
treatments, can be predicted or monitored during treatment.47,48 For example, in 
colorectal cancer, miR17 overexpression was linked to innate resistance to 
chemotherapy through inhibition of tumour suppressor PTEN.49 Similarly, elevated 
miR210 levels indicated resistance to trastuzumab treatment (as well as tumour 
presence and lymph node metastases) in human epidermal growth factor 2 (HER-2) 
positive breast cancer.50 Earlier detection of innate or acquired drug resistance would 
enable more accurate use of the most effective treatments and could drastically 
improve survival rates.15 After treatment, abnormal miRNA expression returns to 
normal, enabling recovery monitoring as well as relapse prediction.51 MiRNA 
expression profiles from tumours and metastases were able to identify the tissue of 
primary origin, which again could be used to improve treatment plans.52  
Detection of a single miRNA sequence can be used to diagnose disease. 
Overexpression of miR548c-3p may diagnose castration-resistant prostate cancer 
(CRPC) as it is currently not linked to other diseases.53 Similarly, miR92a 
downregulation can be used to diagnose acute leukaemia,2 while miR155 has been 
identified as a risk factor for breast cancer.54. Realistically, robust diagnosis would 
require profiling multiple miRNA sequences to identify a miRNA disease fingerprint, 
either using a multi-array or by comparing multiple single miRNA sequence 
detections.55 For example, a 3-miRNA signature (miR9, miR182 and miR200b) has 
been identified for muscle-invasive bladder cancer (MIBC),56 while screening of larger 
numbers of sequences would enable more reliable diagnosis of other diseases or 
multiple diseases simultaneously.15,57  
The use of miRNA profiles consisting of numerous miRNA sequences is a large 
improvement over other biomarkers such as mRNA or proteins. For example, miRNA 
profiles were shown to be more accurate in identifying specific cancers than mRNA 
profiles, especially in cases where the tumour is poorly differentiated from healthy 
tissue.58,59 Protein biomarkers are used for diagnosis of a number of cancers such as 
prostate-specific antigen (PSA) for prostate cancer or carcinoembryonic antigen 
(CEA) for colon cancer. However, the use of these biomarkers for cancer diagnosis 
can lead to misdiagnosis as the expression profiles are also altered in many non-
cancerous diseases and miRNA may offer improved accuracy and specificity of 
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diagnosis.28 For example, PSA results in a relatively high number of false positives in 
men with benign prostate enlargement.60  
Many current biomarkers tend to have little use in the clinic, due to a number of issues 
such as ease of detection and effectiveness of diagnosis, which can be difficult due to 
genetic variation in patients and populations.35,61–63 It is believed that the use of miRNA 
profiling will produce fewer false positives or negatives than protein biomarkers, and 
give more informative diagnosis with regard to disease resistance.64 In particular, 
circulating miRNA could be used in non-invasive testing methods, appropriate for 
point-of-care (PoC) testing.15,57,65 
 
1.1.3 Circulating microRNA as non-Invasive Biomarkers 
 
A number of extracellular miRNAs have been detected in blood, serum, plasma, urine, 
saliva and other body fluids.15 These circulating miRNAs (c-miRNAs) are far more 
stable under harsh conditions such as high temperatures, extreme pH or RNase 
activity than mRNA. This is believed to be due to association RNA-binding proteins 
like AGO2 or due to secretion within microvesicles or exosomes, although 
microvesicles have a relatively short half-life in plasma and can contain RNases.66,67 
The mechanisms for miRNA sorting and secretion are not fully understood, yet appear 
to be at least partially regulated and are theorised to be implicated in cell-cell 
communication.30 Alternatively, miRNA can leach unregulated out of damaged or dead 
cells after tissue damage.68 
The first mention of c-miRNAs as cancer biomarkers was by Lawrie et al. who 
identified over-expression of miR155, miR210 and miR21 in serum from patients with 
diffuse large B-cell lymphoma (DLBCL).69 Subsequently, c-miRNA expression profiles 
were identified for prostate cancer, breast cancer, lung cancer, heart failure, 
pregnancy and many other diseases from serum.57 Examples of c-miRNA profiles in 
other body fluids include diagnose lung or ovarian cancer from plasma, bladder cancer 
diagnosis from urine and oral squamous cell carcinoma identification from saliva.15  
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Although the c-miRNA frequently correlates with tissue miRNA concentrations, this is 
not always the case. Expression of the miR17-92 cluster and miR17-5p was increased 
in both the tumour tissue and serum of lung cancer patients,70 while liver-specific 
miR122 decreased in liver tissue but increased in serum of patients with hepatocellular 
carcinoma (HCC).71 As such, c-miRNA disease profiles should be considered both 
separately and in combination with tissue miRNA disease fingerprints and may offer 
further insights into disease progress. 
Due to the less invasive and painful methods used for liquid biopsies, patient 
compliance would be expected to increase. The cost and time required for collection 
and processing of liquid samples is lower than for non-liquid biopsies, as well as 
typically being far more simple to collect.30 Just like intracellular miRNA, c-miRNA can 
be used to diagnose tumours at pre-operative levels, including prediction of patient 
prognosis or drug resistance.44,46,72 Different body fluids contain different miRNA 
profiles, meaning it is possible to distinguish between body fluids for forensic 
applications.40,41,73 It can be expected that c-miRNA based diagnosis will become 
more reliable with more research into “normal” c-miRNA profiles of healthy individuals. 
Similarly, as the workflow of sample collection, processing, measurement and analysis 
becomes more unified or standardised, results will be more reliable and easier to 
compare.57,72 
 
1.1.4 Acute Leukaemia: Circulating microRNA 
 
The target miRNA sequence chosen as a proof-of-concept for miRNA-based 
diagnostics in this work was for acute lymphoblastic leukaemia (ALL). Leukaemia is a 
cancer of white blood cells or bone marrow. In 2017 leukaemia accounted for 2.8% 
(approximately 8500 cases) of new cancer diagnoses in England, of which around 350 
cases were ALL.74 Between 2014-2035 the incidence rates of leukaemia in the UK are 
expected to rise by 5% to 19 cases per 100,000 people in 2035.75 Leukaemia 
accounted for 4600 deaths per year between 2014-2016 in the UK and 24,400 deaths 
in the US (2016).76 
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Leukaemia is typically divided into 4 subtypes: acute myeloid leukaemia (AML), 
chronic myeloid leukaemia (CML), ALL and CLL. These types are defined by which 
bone marrow cells the cancer originates in affecting either myeloid cells, white blood 
cells that fight bacterial or parasitic infections, or lymphocytes, which fight viral 
infections. Chronic leukaemia tends to be slower to grow and progress, whereas acute 
leukaemia grows quickly and can be fatal within weeks to months. Symptoms arising 
from each subtype are very similar, typically including weakness, fatigue, headaches, 
unusual bleeding, bruising or purple skin rash, pale skin, repeated infections or fever, 
weight loss, joint and bone pain and swollen lymph nodes.77 Many of these symptoms 
are also similar to viral infections. As such, diagnosis requires complex tests including 
a blood count and typically a bone marrow biopsy.78 Further tests can include an x-ray 
and further scans for swollen lymph nodes and any signs of cancer spreading. A 
sample of cerebrospinal fluid (CSF) may also be taken to test if leukaemia cells have 
penetrated the central nervous system (CNS), indicating a poor prognosis. As 
treatment is conducted relevant tests may be repeated to monitor response to 
treatment.  
Diagnosis and differentiation between leukaemia subtypes takes time, money and 
experienced clinical staff. As the acute forms of leukaemia progress rapidly and 
penetration of the CNS makes treatment far more difficult this time reduces the 
chances of successful treatment.79 A simple, low-cost and rapid diagnostic method 
could greatly improve leukaemia treatment and survival rates, especially if able to 
differentiate between subtypes. 
Research conducted by Tanaka et al. showed through analysis of 148 different 
miRNAs in plasma from patients suffering from AML or ALL that miR92a expression 
was lowered in cases of acute leukaemia. They also found that, compared to healthy 
controls, the ratio of miR92a : miR638 was decreased in all AML or ALL suffering 
patients with around a 10-fold difference between the two miRNA sequences. 
Differentiation between AML and ALL through miRNA fingerprinting was shown to be 
possible by Mi et al. who identified 27 miRNA expression differences between AML 
and ALL cell lines.80 In ALL samples, miR128a and miR128b were over-expressed  
while miR223 and let7b were under-expressed when compared to AML samples. 
Analysis of these four miRNAs achieved an overall accuracy of 97% from patient 
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samples. MiR92a was selected as a proof-of-concept sequence to detect, with a view 
to then expand to detecting other leukaemia relevant sequences.81 
 
1.2 MicroRNA Detection Methods 
 
Biosensors are important diagnostic and analytical tools able to detect, and ideally 
quantify, an analyte. They consist of a biological detecting component which responds 
to the analyte and a physicochemical detector component that transduces this 
response into a quantifiable signal (Figure 1.4).3,82–86 MiRNA biosensors have become 
an increasingly important field for identifying new miRNA profiles and have great 
potential  for improving disease diagnosis, optimising treatment and monitoring 
progress both during and after treatment.  
 
Figure 1.4 General structure of a biosensor. The recognition of the analyte by the bioreceptor is 
transduced and processed into a readable signal. 
 
A point-of-care device that is cheap, simple and non-invasive could help facilitate 
widespread miRNA-based diagnostics. It could be used for detecting specific disease-
relevant miRNA profiles, potentially in developing countries and remote locations 
where centralised testing is not possible. A recent example of point-of-care technology 
is INRstar based engage product, a self-care anticoagulation test which links results 
to their health care clinic. As well as improving treatment personalisation and reducing 
risk of stroke,87 it also reduced data entry errors and saved an estimated 1.5 hrs of 
nurse time per patient per year.88 Approximately 1.25 million people in the UK are 
prescribed oral anticoagulant drugs,89 meaning up to 11,000 weeks of nurse time could 
be saved. It can be expected that miRNA-based point-of-care or self-care diagnostics 
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and disease monitoring would be capable or similar improvements in patient health 
and reduced pressure on health-care infrastructure. 
 
1.2.1 Ongoing Challenges of microRNA Detection 
 
Accurate determination of miRNA expression levels in specific cell types, tissue or 
body fluid is essential for translating the potential of miRNA diagnostic into practical 
applications. Several intrinsic characteristics of miRNA make detection with high 
sensitivity and specificity challenging.62 Mature miRNAs lack common sequence 
features to facilitate selective purification, while the short sequence length makes use 
of amplification techniques difficult as the primers required for regular polymerase 
chain reaction (PCR) protocols are unable to bind to the small miRNA template.90 As 
a result, PCR methods typically measure pri- or pre-miRNA. The sequence similarity 
of miRNAs, in particular within the same family or in cases of single-base mutations, 
requires highly specific sequence detection. 
An ideal profiling method would be sensitive for quantitative analysis of miRNA from 
small amounts of material and able to detect single nucleotide differences. Detection 
of multiple miRNA sequences simultaneously would enable miRNA disease 
fingerprinting and simple methodology using cheap materials and equipment to enable 
widespread testing.15 Of the available detection methods none are perfect and each 
has inherent limitations (Table 1.2).62,91 
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Table 1.2 Analytical microRNA detection techniques, advantages, limitations and demonstrated limit 
of detections (LoD). Adapted from Planell-Saguer et al.62 and Zhang et al.92
 
 
Further difficulty arises from the low concentrations of miRNA sequences. The 
estimated number of copies of a miRNA sequence was estimated to be 500 per cell, 
although some miRNA sequences have been found with more than 10,000 copies per 
cell.68,93,94 This means that despite making up only around 0.01% of total RNA by 
weight,95 many miRNAs will exist at higher concentrations than mRNA. Circulating 
miRNA concentrations will also be dependent on the body fluid being investigated. 
The total RNA concentration varies considerably depending on the body fluid type 
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(100-47,000 μg/L or 100-900030 up to 23,00096 copies per μL), with the number of 
detectable miRNA sequences also varying (200-460 miRNAs with a level of >80% of 
the global mean).97 Weber et al. also identified a total of 600 different miRNAs from 
12 different body fluids, noting that while many miRNAs were present in all body fluids 
tested, the composition and concentrations differed. Serum concentrations of miRNA 
typically range between 200 aM – 20 pM depending on the miRNA sequence and this 
serves as a target for appropriate miRNA detection.98 Not discussed here are 
variations arising from sample collection and processing methods or normalisation 
methods used during data analysis.15,57 
 
1.2.2 Solid-phase Techniques 
 
Solid-phase techniques are methods where the probe is captured to a surface for 
hybridisation to the target miRNA. Solid-phase techniques tend to be more applicable 
to high-throughput analysis as required for clinical diagnostics using miRNA.  
 
Figure 1.5 Northern blotting procedure. RNA is extracted and separated using gel electrophoresis. The 
separated RNA is then transferred to a nitrocellulose membrane and incubated with labelled DNA 
probes to identify the target sequence. 
 
Northern blotting is one of the more prominent methods for detecting miRNAs with a 
relatively standardised method (Figure 1.5). Gel electrophoresis is used on the sample 
miRNAs which are then transferred to a nitrocellulose membrane and allowed to 
hybridise with complementary DNA (cDNA) probes that are complementary to the 
target miRNAs. The probes are typically labelled with fluorescent or radioactive tags 
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for detection. Northern blotting was used in identifying some of the earliest miRNAs 
and remains a gold standard method for miRNA profiling.5 Despite improvements in 
speed and sensitivity Northern blotting remains labour intensive and time-consuming 
making it impractical for large scale studies or diagnostics, as well requiring relatively 
large sample volumes.99–103 
 
Figure 1.6 Basic microarray procedure. Microarrays are prepared through attachment of individual 
target sequences to each well. Reverse transcription of the miRNA is then used to generate cDNA 
probes which are labelled and fluorophores. Incubation of cDNA within the microarray followed by 
multiple washing steps leaves only cDNA probes bound to the immobilised target sequences. 
Visualisation and analysis can then be carried out to identify the intensity of each well. 
 
Microarrays facilitate much higher throughput being able to screen large numbers of 
miRNAs at once (Figure 1.6).104 After purification, miRNAs can be tagged with 
fluorophore-labelled oligonucleotides using T4 RNA ligase. The miRNA strands can 
then hybridise with cDNA probes immobilised in a microarray. The quantity of bound 
miRNA in each location can then be assessed using a laser to excite the fluorescent 
tags. A number of variations have been developed using alternative probe design or 
methods, immobilisation chemistry or signal detection methods.105–108 Despite being 
able to carry out genome-wide miRNA investigations, limitations remain regarding 
hybridisation conditions, such as temperature, and sequence specificity.109,110 
Normalisation of data remains a challenge, microarray chips are fairly expensive and 
again, a relatively large quantity of miRNA is required. 




Figure 1.7 Example of hairpin molecular beacon. The cDNA sequence is lengthened with a partially 
complementary sequence to form a hairpin structure. A fluorophore is attached to one end with an 
appropriate quencher attached to the other end. Whilst in the hairpin conformation, the fluorophore and 
quencher are in close proximity, such that the fluorescence is quenched. Introduction of the target 
sequence displaces the hairpin stem, the distance between fluorophore and quencher is increased and 
a detectable fluorescence achieved. 
 
Bioluminescence, chemiluminescence or electrochemiluminescence and 
fluorescence are all similar optical transduction techniques that can be incorporated 
into microarray technologies. A variety of probe and hybridisation designs have been 
developed to use cDNA labelling in place of miRNA labels.111 For example a hairpin 
cDNA design can be used to bring a fluorophore and appropriate quencher into close 
proximity, such that fluorescence resonant energy transfer (FRET) results in minimal 
fluorescence (Figure 1.7). Upon target miRNA hybridisation, the hairpin structure 
releases resulting in an increased fluorescence. Chemiluminescent labels can be 
triggered to emit light using a chemical reaction, bioluminescent labels use light-
emitting proteins as labels, while electrochemiluminescence emits light based on 
electrical potential. However, these transduction methods still require numerous 
labelling and processing steps which increase complexity and cost. Solution-phase 
bioluminescence methods are simpler and more rapid than the solid-phase 
techniques. However, widespread use remains unlikely as signal reduction is 
measured instead of signal increase and is therefore harder to validate. 
 




Figure 1.8 Solid-phase electrochemical miRNA detection example. The cDNA probes are immobilised 
on an electrode, hybridisation of the target miRNA sequence can result in a detectable change in signal, 
typically amplified using catalysts, enzymes, or reporter molecules such as ferrocene based 
intercalators.  
 
Electrochemical detection of miRNAs is an emerging method with great potential for 
simple, quick and low-cost methods for quantitative miRNA detection.3 They rely upon 
changes in circuit properties upon hybridisation of the target miRNA with a bound 
cDNA sequence (Figure 1.8). Signal amplification can be achieved using redox 
reporters, ferrocene tags or various dsDNA binding probes.112–115 These techniques 
have achieved low detection limits relevant to diagnostic applications and typically 
require small amounts of material. Furthermore, electrode designs can enable 
multiplexing capabilities and electrical outputs can be easily integrated into user-
friendly systems. However, any multi-step process introduces errors at each stage and 
the labelling steps used for the required signal amplification increase method 
complexity and cost. 
Surface-enhanced Raman spectroscopy (SERS) is capable of detecting Raman 
signals from single molecules. SERS can achieve rapid, label-free identification of 
miRNA with single-base specificity by adsorbing silver or gold nanorods onto a glass 
slide and detecting probe cDNA attachment to the nanorods (Figure 1.9).116,117 If cDNA 
hybridises to the target miRNA it will not bind to the nanorod. The resulting Raman 
spectra can be used to identify the presence of target miRNA. However, each target 
miRNA spectra must be obtained prior to assay development and any sequences with 
overlapping peaks are unable to be differentiated.118 SERS is also a relatively 
specialist technique with equipment and knowledge not as widespread as more 
established methods. 




Figure 1.9 Surface-enhanced Raman spectroscopy (SERS) assay for miRNA detection using gold or 
silver nanorods as SERS substrates. Thiolated cDNA probes able to adsorb to the nanorods are first 
mixed with the miRNA sample. Hybridisation with target miRNA prevents the cDNA from binding to the 
nanorods meaning only excess cDNA will be attached, resulting in a quantifiable response dependent 
on how much cDNA binds to the nanorods. 
 
Surface plasmon resonance (SPR) based methods also offer label-free miRNA 
detection. One method developed by Corn et al. attached complementary locked 
nucleic acids (cLNA) to the SPR chip surface and then added the target miRNA to 
hybridise.119 Subsequently, poly(A) polymerase was allowed to add poly(A) tails to the 
miRNA and then gold nanoparticles modified with poly(T) tails were added to bind to 
any poly(A) tails. This method achieved appropriate sensitivity and high-throughput 
capabilities for miRNA quantification appropriate for miRNA profiling. The cost of 
equipment and relatively specialist knowledge required makes this technique 
inaccessible for many researchers.120,121 
 
1.2.3 Solution-phase Techniques 
 
Solution-phase techniques are methods where the probe hybridises to the target 
miRNA in solution. Due to the improved freedom of movement compared to solid-
phase techniques, solution-phase methods typically offer a faster response time. 
Quantitative reverse transcription polymerase chain reaction (RT-qPCR) is the gold 
standard for RNA quantification and frequently used to validate other techniques.108,122 
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RNA must first be transcribed into cDNA by reverse transcriptase and the cDNA can 
then be used as the template for qPCR cycles. RT-qPCR is sensitive, accurate, and 
relatively easy with fairly common equipment. However, miRNA targets are difficult to 
detect due to the short sequence lengths. Early detection was based on detecting the 
longer pri- or pre-miRNA sequences, although these are not always relevant to the 
concentrations of mature miRNA.90 Separation of mature miRNA from its precursors 
adds further labour steps and processing time.123 
 
Figure 1.10 Scheme of the TaqMan-based RT-qPCR method. The RT stem-loop primers bind to the 
target miRNA and are reverse transcribed. The resulting transcript is then quantified using typical 
TaqMan PCR with an miRNA specific forward primer, reverse primer and TaqMan probes. 
 
RT-qPCR of mature miRNA sequences was achieved using a stem-loop RT-PCR 
method based on TaqMan assays (Figure 1.10).124 Raymond et al. also developed a 
method using SYBR Green and cLNA primers,125 while other techniques typically use 
primer extension or poly(A) polymerase.126 In each case the cost is increased by the 
required reagents. Droplet digital PCR (ddPCR) can improve sensitivity, accuracy and 
precision when compared to RT-qPCR.96,127 A number of portable PCR technologies 
have claimed to be point-of-care devices,128–130 while examples of devices made of 
affordable off-the-shelf components reduce equipment costs.131 Despite reducing test 
times, the required reverse transcriptase step ensures a relatively complex method 
and reagent costs remain high. 




Figure 1.11 Fluorescence correlation spectroscopy scheme for miRNA detection. MiRNAs are mixed 
with two cDNA probes with differing fluorophores. Excess cDNA are mixed with complementary 
quencher probes. The miRNA hybridised with the two fluorophore probes are then flowed through a 
capillary and investigated using a series of laser focal volumes. Data analysis measures the flow 
velocity between laser spots and emissions are presented as spikes in signal intensity over time.  
 
Fluorescence correlation spectroscopy is capable of miRNA quantification using a 
microfluidic multi laser system to count individual molecules as they flow through the 
system (Figure 1.11). The lack of target capture, amplification or reverse transcription 
are all highly attractive features.62 Neely et al. developed a dual probe labelling system 
which could count single molecules of mature miRNA using fluorescence correlation 
spectroscopy.132 Fluorophore-labelled cDNA hybridise with the target miRNA while 
unbound cDNA is hybridised to a quencher probe to reduce background fluorescence. 
The fluorophore count is then used to calculate the number of molecules present. 
Despite the sensitivity, specificity and rapid response time, the requirement of 
specialised equipment makes widespread use improbable. 
In situ hybridisation can detect miRNA in cell lines or tissues by using labelled cDNA 
in fixed cells ensuring conserved morphology.133 Use of cLNAs improved sensitivity 
and specificity yet the low throughput and lack of quantification make this unlikely to 
be used in a clinical setting.134 In situ hybridisation remains an important tool in miRNA 
expression validation and understanding.92 
High-throughput sequencing of miRNAs using next generation sequencing (NGS) led 
to the majority of discoveries of miRNA since 2007 due to the ability to process many 
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sequences in parallel quickly.135,136 Although findings required validation using 
alternative methods due to inherent sequencing biases, NGS remains attractive as a 
first-pass diagnostic method as it is independent of hybridisation or previous 
knowledge.62 Although current techniques vary substantially in adapter and primer 
sequences, cost and accuracy, further development may facilitate the use of NGS for 
miRNA diagnostics.137  
 
1.2.4 Micro- and Nano-electromechanical Techniques 
 
Micro- and nano-electromechanical systems (MEMS and NEMS) are 3D devices 
manufactured on the micrometer or nanometer respectively, emerging as potential 
oligonucleotide sensors.138,139 In general, the microfabrication techniques required 
would enable mass production and multiplexing, while resolution and sensitivity tend 
to increase as the sensor size decreases. Similarly, the small size typically requires 
smaller sample volumes and facilitates faster response times, while electrical outputs 
facilitate integration with user-friendly systems. A summary of the LoD and limitations 
of techniques discussed here is shown in Table 1.3. 
Table 1.3 Summary of micro- and nano-electromechanical systems (MEMS and NEMS). Adapted from 
Ferrier et al.138  
MEMS/NEMS-based Techniques   Lower LoD Limitations 
Bulk acoustic wave (BAW)140 75 aM Sensitive to solution viscosity 
and test conditions 
Surface acoustic wave (SAW)141 1 pM Sensitive to solution viscosity 
and test conditions 
Cantilevers142 2 aM Sensitive to solution viscosity 
and test conditions 
Nanowires143 1 aM Complex synthesis and 
expensive   
Sensitive to solution ions 
Nanopores144 1 fM Low throughput   
Limited multiplex capabilities 
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Bulk acoustic wave (BAW) devices are made of a quartz layer with an electrode on 
either side (Figure 1.12). When an a.c. voltage is applied the resonant frequency is 
dependent on the dimensions and total mass.145 Functionalisation using thiolated 
cDNA can then capture the target miRNA, which increases the total mass resulting in 
a detectable change in resonant frequency.140 However, the resonant frequency of 
BAW devices will also be affected by solution viscosity making clinical samples 
problematic.146  
 
Figure 1.12 Illustration of a typical bulk acoustic wave (BAW) device. Immobilised cDNA on the BAW 
device enables miRNA capture. The change in mass results in a detectable change in oscillation 
frequency. 
 
Surface acoustic wave (SAW) devices are similar to BAW devices. Delay-line SAW 
devices use a piezoelectric substrate between a transmitting interdigitated electrode 
(IDE) and a receiving IDE.138 In resonator SAW devices the IDE is in the centre of the 
device with reflectors at either end of two piezoelectric substrate areas. In both designs 
the time take to travel and amplitude of the a.c. waves is affected by molecules bound 
to the sensing area, enabling detection of target miRNA bound to substrate-bound 
cDNA.141,145 Although sensitive and easily combined with microfluidics, SAW devices 
remain affected by solution viscosity, mechanical stress and temperature.  
Cantilevers consist of a micro- or nano-scale beam anchored at one end. Attachment 
of cDNA to the cantilever enables target miRNA binding.147,148 This binding can be 
detected by the bend of the cantilever, or by changes in oscillation frequency. Some 
success has been achieved in human plasma, using gold nanoparticle probes for 
amplification.142 Once again, the sensitive and specific micro- and nano-cantilevers 
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are vulnerable to affects from changes in temperature and changes in fluid viscosity 
or flow.    
The flow of electrons through nanowires can be affected by charged moieties on the 
surface. Nanowires can be functionalised with cDNA.143,149,150 The subsequent binding 
of target miRNA causes a measurable increase in charged molecules on the surface. 
MiRNA sensing using nanowires is fast, sensitive, specific and label-free. However, 
current fabrication methods are both lengthy and expensive, while they are also 
sensitive to any ions present in solution.138 
 
Figure 1.13 Illustration of a nanopore based miRNA sensor. The regular flow of ions through the 
nanopore is impeded when an oligonucleotide strand passes through. Size exclusion allows only single 
strands to pass through the pore, such that duplexes must dehybridise before crossing through the 
nanopore. The dehybridisation step elongates the crossing time, resulting in longer ion flow disruptions. 
 
Nanopore sensors measure the ionic current flow across a membrane with a 
nanoscale pore enabling the flow of ions across the membrane.144,151 If an analyte the 
same size as the pore flows through then the flow of ions is temporarily stopped, 
changing the measured current. The number and frequency of drops can therefore 
infer the concentration of analytes. Use of cDNA probes to form duplexes with target 
miRNA strands leads to longer current drops as the duplex has to dehybridise as it 
crosses the pore, enabling differentiation of target miRNA from complex solutions 
(Figure 1.13).42 Due to their scale, nanopore sensors are suited to small sample 
volumes and can be sensitive and specific as well as being label-free and reusable. 
However, they have a low throughput and limited multiplex capabilities.  
Chapter 1. Introduction  
 
24 
1.3 ssDNA Crosslink Bioreceptors 
 
1.3.1 ssDNA as Bioreceptors 
 
Although miRNA can be detected through electrostatic interactions,152 sequence 
specificity is essential for achieving any practical applications. Most miRNA biosensors 
use the inherent specificity afforded by designing cDNA probes for base-pairing with 
the target miRNA sequence. These predominantly rely upon canonical base-pairing 
discovered by Watson, Crick, Franklin and Wilkins,153,154 although in some cases 
Hoogsteen or Wobble base pairs may be relevant.155,156 RNA detection can be 
modelled using ssDNA, replacing any uracil nucleotides with thymine.  
Hoogsteen and Wobble base pairs are more relevant in examples of DNA and RNA 
aptamers enabling secondary structures like guanine-quadruplexes.157,158 Aptamers 
can be compared to antibodies,159 using oligonucleotide secondary structures to bind 
various substrates such as adenosine,157,160,161 cocaine,162,163 proteins like thrombin, 
amyloid β-protein164 or α-synuclein165 or metal ions.166 The flexible secondary structure 
enables various binding mechanisms reliant on hydrophobicity, molecular shape 
recognition or intercalation and can be used to design transducible responses in 
biosensors.85,167 
The interaction between cDNA and target miRNA can be predicted and is typically 
reported as the melting temperature (Tm), the point at which 50% of strands are 
unhybridised.168 The Tm is sequence specific and will be higher if the sequence 
contains more GC nucleobases both due to increased hydrogen bonding and base 
stacking. Similarly, the Tm can predict mismatch interactions whereby the fewer 
matching basepairs the lower the Tm and the less stable any hybridisation. 
Due to the sequence similarities within miRNA families and the potential of single-base 
mutations in disease, detection with single base pair specificity is essential for real 
world applications. To illustrate this, Table 1.4 shows the Let miRNA family sequences, 
and the respective Tm for each sequence if hybridising to the cDNA of let7a.118 Despite 
the cDNA being most favourable for binding the target miRNA, a single base pair 
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mismatched miRNA would still hybridise with the cDNA and complicate measurements 
through competitively interaction. 
Table 1.4 Adapted from Driskell et al.118 Mismatches to cDNA for let7a are in bold. Hybridisation Tm 
predictions were calculated at 150 mM NaCl, using "Nearest Neighbor" calculations.168 cDNA Tm 
predictions were calculated with full complementarity, cDNA7a Tm predictions were calculated with 
deletions in place of mismatches to cDNA for let7a. 
 miRNA Sequence Tm (°C) Tm (°C) 
cDNA 7a ACT CCA TCA TCC AAC ATA TCA A cDNA cDNA7a 
let7 miRNAs let7a UGA GGU AGU AGG UUG UAU AGU U 69.7 69.7 
 let7b UGA GGU AGU AGG UUG UGU GGU U 74.4 68.6 
 let7c UGA GGU AGU AGG UUG UAU GGU U 72.0 69.0 
 let7d AGA GGU AGU AGG UUG CAU AGU 71.8 67.2 
 let7e UGA GGU AGG AGG UUG UAU AGU 71.9 68.8 
 let7f UGA GGU AGU AGA UUG UAU AGU U 66.4 66.5 
 let7g UGA GGU AGU AGU UUG UAC AGU 69.2 65.7 
 let7i UGA GGU AGU AGU UUG UGC UGU 71.5 64.5 
 
 
1.3.2 ssDNA Hybridisation in Biosensors 
 
One simple method to improve ssDNA bioreceptor specificity is to add a competing 
strand to which partially matches and it prehybridised to the cDNA sequence. Binding 
of target miRNA then requires competitive displacement of this blocker strand.169,170 
Competitive displacement is dependent on the affinity and concentration of the target 
miRNA. A number of different designs of hybridised bioreceptors exist (Figure 1.14) 
and different reporter molecules or molecular beacons can be attached to aid 
transduction.171 Alternatively, hybridised ssDNA can be used in materials as 
crosslinkers able to control swelling or gel-sol transitions.172,173  




Figure 1.14 Illustration of oligonucleotide crosslinks able to control hydrogel swelling and dissolution. 
Location of chemical attachments to the polymer backbone (black circles with white “P”) and 
hybridisation design can cause increased swelling (or dissolution) or cause gel shrinking (or gelation) 
in response to the target analyte sequence. (a) Addition of miRNA results in hybridisation with two cDNA 
probes, bringing them into closer proximity to form a crosslink. (b) A crosslink formed of single fully 
complementary cDNA with a blocking strand both attached to the polymer. The blocking strand is 
displaced by the miRNA sequence, thereby breaking the crosslink and increasing swelling. (c) Two 
blocking strands act as tethers for the cDNA strand. Binding of the miRNA to the cDNA displaces both 
blocking strands to break the crosslink. (d) Stem-loop crosslink design where both 5’ and 3’ ends of the 
hairpin are attached to the polymer. Hybridisation with the miRNA target displaces the stem sequence 
and lengthens the crosslink as the hairpin is linearised. Adapted from Peng et al.174 
 
Hybridisation based on stem-loop structures can be problematic depending on the 
target miRNA sequence.175 If there is no self-complementarity in the miRNA sequence 
then nucleotides must be added, while too much self-complementarity may not have 
enough unpaired nucleobases to form a loop. Furthermore, the miRNA sequence 
length limits how long the stem hybridisation can be, meaning the Tm may be 
inappropriate for a number of synthetic or testing conditions.  
Alternatively, displacement of a separate blocker strand which is partially 
complementary to the sensor cDNA (which is fully complementary to the target 
miRNA) can be used to trigger a number of signalling mechanisms.171 A single blocker 
strand can be designed for any cDNA and target miRNA sequence and can be tailored 
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length.176 Various double blocker systems have been used with two separate blocker 
segments and these may be more applicable when detecting longer sequences.177 
The cDNA strand may itself be anchored to a support structure, or merely hybridised 
to anchored blocker strands depending on the desired response. Similar hybridised 
structures have been utilised for aptamer sensor signalling.178  Various DNA based 
responsive materials utilise DNA three- or four-way junctions174,179 and can be used to 
control programmable materials.180 However, these tend to be more expensive due to 
material cost and design complexity.  
 
1.3.3 Ongoing Challenges of ssDNA Bioreceptors 
 
There are a number of concerns when using DNA as bioreceptors. Compared to many 
responsive materials DNA or RNA are relatively expensive, although costs would be 
reduced on a commercial scale. This can become a limiting factor in experimental 
design depending on funding sources. For example, ssDNA is frequently used in place 
of RNA at early stages of biosensor development as it is both cheaper and more 
stable. 
Other challenges arise from DNA structure. Enzyme degradation may be used in some 
signalling pathways, for example using duplex-specific nucleases to cut double-
stranded DNA from a surface or release reporter molecules.181,182 However, it can be 
a concern during testing on biospecimens as many body fluids contain nucleases as 
uncontrolled or unexpected oligonucleotide degradation can cause false negatives or 
positives. 
Another concern when using DNA for miRNA detection is the relatively low Tm defined 
by the target miRNA sequence and length.82 Depending on the sensor design, this can 
limit the usable temperatures for any processing or testing steps. As Tm is dependent 
on miRNA sequence this would not be an issue for longer miRNAs with high GC 
contents, but might be problematic for shorter miRNAs with low GC contents. 
Furthermore, if using any of the blocker strand designs discussed above, the blocker 
sequence will also be defined by the target miRNA and the hybridisation length with 
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the cDNA sensor would need to be shorter than the target miRNA to facilitate 
displacement. 
The solvent choice, pH and salt concentration will also all affect the hybridisation 
strength and Tm of any DNA based bioreceptor.183–193  Most physiological conditions 
are amenable to DNA hybridisation such that the pH and salinity would be appropriate 
and could be maintained during purification steps with appropriate buffers, indeed low 
salinity may be used during purification to remove any secondary structures or 
associated proteins.194 However, the solvent, pH and salinity conditions dictate 
available processes for device manufacture and synthesis. For example, if blocker 
strands are combined with sensor cDNA as a late wash step, far more conditions are 
usable than attempting to maintain hybridisation during synthesis. 
 
1.4 Morpholino Oligonucleotides 
 
Numerous DNA analogues have been developed in response to some of the 
challenges of using DNA in sensors. In particular, LNA have been widely explored in 
almost all miRNA detection methods discussed previously (Figure 
1.15).100,103,106,132,195 Use of cLNA in place of cDNA increases the Tm via enhanced 
base stacking and backbone rigidity.196–198 The specificity and sensitivity of detection 
is thereby also increased. Alternative DNA analogues originally developed as 
antisense oligonucleotides have shown similar increases in Tm and similar potential in 
diagnostic applications.196,199 Of these, peptide nucleic acids (PNAs) and morpholino 
oligonucleotides (MOs) offer an added benefit of uncharged backbone moieties, 
reducing the effects of salinity on hybridisation. 




Figure 1.15 Structures of LNA, MO and PNA where nucleobases (A, G, C or T) are represented by 
“B”. 
 
1.4.1 Morpholino Oligonucleotide Synthesis and Structure 
 
MOs are amongst the least explored of all the DNA analogues in diagnostics, in part 
because they are one of the most recently developed. Devised by Summerton in 1985 
and developed by 1997, they consist of a morpholino ring subunit with a nucleobase 
connected via phosphorodiamidate linkers. Subunits are synthesised from 
ribonucleotides.200,201 Oxidative opening of the ribose ring results in a dialdehyde in 
place of the 2’ and 3’ hydroxyls, which is then closed with ammonia to form a 
morpholine ring. Reduction of the resulting ring removes the 2’ and 3’ hydroxyl groups 
before protection of the amine group by conversion to tritylamine and addition of a 
chlorophosphoroamidate moiety to the 5’ oxygen. Oligomers are then synthesised by 
linking the morpholino subunits in a 2-step addition cycle on solid resin support. A 
deprotected amine carries out a nucleophilic addition / elimination reaction to form a 
phosphorodiamidate linker. Subsequent detritylation is then carried out to prepare the 
oligomer for the next subunit addition. 
MOs exhibit good solubility, nuclease resistance and increased Tm with DNA and 
RNA.200–202 As such, like LNAs and PNAs, MOs exhibit improved affinity and specificity 
for DNA or RNA sequences. The uncharged phosphorodiamidate linker removes the 
electrostatic repulsion between MO and DNA or RNA that otherwise occurs between 
Chapter 1. Introduction  
 
30 
oligonucleotides with charged phosphate or thiophosphates. As such, MOs have been 
shown to be less affected by solution salinity.203 
 
1.4.2 Morpholino Oligonucleotides Uses 
 
From 1999 onwards MOs have been used in numerous antisense applications in gene 
knockdown studies, including knockdown of miRNA.204–210 MOs have also been 
investigated in a number of diagnostic techniques.211 MOs have been used in 
microarrays with low salt concentrations for detection of 25 nt long sequences.212 Gold 
nanoparticles were functionalised with MOs to create a pH sensitive motif with DNA 
for in situ tests,213 Similarly, stem-loop structures with molecular beacons was 
developed for in situ sequence detection.214 Other examples include more 
fluorescence,215 SPR216 and combined with PCR.217 
The greater benefit of using uncharged oligonucleotides and minimal salt 
concentration is for signal maximisation in electrochemical transduction methods. 
Electrochemical studies have been spearheaded by Levicky et al. with studies into 
capacitive transduction DNA-MO binding on electrode surfaces.218–220 The 
accumulation of charged DNA strands resulted in increased charge density resulting 
in the capacitive signals and has been combined with eletrokinetic methods to 
concentrate DNA samples.221 Similar work was conducted by Wang and Smirnov 
using nanochannels, while MOs have also been utilised in nanowire devices.222,223 
Cao et al. discovered that MO enzyme resistance was also conferred to any MO 
hybridised DNA and Burki et al. developed a fluorescent assay based on unhybridized 
DNA digestion.224,225  
Compared to DNA and other analogues, MO have been relatively unexplored in 
diagnostic applications. The improvements offered by MOs would be especially 
relevant when used in clinical samples, where enzyme resistance, improved specificity 
and salt insensitivity would make MOs more robust bioreceptors. Furthermore, sensor 
design and use may be simplified when the effects of these factors are reduced and a 
wider range of processes may be used during manufacture due to the increased 
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stability of MOs. As such, MOs deserve further exploration within the field of medical 
diagnostics.  
1.5 Oligonucleotide Crosslinked Hydrogels 
 
The previous sections outlined the potential benefits of miRNA detection and the 
challenges or limitations of the currents methods of doing so. In an attempt to 
overcome some of these challenges, Prof. Shaver and Dr Hands combined their 
expertise, in polymers and electronic noses respectively, and established Dr Ferrier’s 
PhD project developing oligonucleotide crosslinked polymer composites 
(OCPCs).226,227 The following sections will introduce the concepts that form the 
principals behind this method for simple, multiplex capable, rapid and affordable 
miRNA detection.  
 
1.5.1 Polymer Hydrogels 
 
Hydrogels are crosslinked hydrophilic polymer networks that can swell to absorb large 
volumes of water (up to over 90 wt% water) without dissolving. In biosensing and 
biotechnology applications hydrogels offer a number of benefits. Firstly, they offer a 
3D matrix for bioreceptors and analytes similar to solution-based techniques, which 
can avoid any surface density concerns regarding 2D solid-phase. Many hydrogels 
are inherently resistant to bio-fouling and swelling in water are facilitates the diffusion 
of substances such as analytes from body fluids.228 Finally, their properties can be 
easily manipulated in a number of ways such as copolymerisation with mixed 
monomers, varied monomer, crosslinker or initiator concentration or the incorporation 
of porogens.229–232 
Simplistically, gelation occurs when clusters of polymers link to form a single 
continuous network. The classical theory of gelation was developed by Flory and later  
Stockmayer with assumptions that all monomer functional groups are equally reactive 
and no bonds form closed polymer loops, meaning no intramolecular reactions.233,234 
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Subsequently, a variety of percolation theories have been developed to better account 
for realistic polymerisation conditions.235 
 
Figure 1.16 Hydrogels at the macroscopic scale include the size, shape and porosity of the structure 
with pores typically 10-500 μm. The mesh size is the distance between polymer strands, 5-100 nm, 
while the molecular scale includes interactions such as oligonucleotide hybridisation events. Adapted 
from Li and Mooney.236 
 
Synthetic hydrogels can be prepared and classified in numerous ways depending on 
the materials and method of synthesis and the resulting structures.237 The hydrogel 
properties can be considered at various scales (Figure 1.16).236 Monomer unit 
interactions can be considered on the nano-scale, while the micro-structures include 
the mesh size and crosslink distribution. On the macroscopic scale the porosity of the 
hydrogel may have a large influence on properties, while the gel shape, size and 
diffusion coefficients will also affect hydrogel properties and swelling.238 Simplistically, 
hydrogel swelling pressure (πsw)  can be considered as the interaction of a solvent 
with the network microstructure (Equation 1.1). The osmotic pressure of the polymer 
network (πosm) is the driving force of swelling, resulting from the polymer-solvent 
interactions, while the elastic response of the material results in resistance to the 
network deformation of swelling (πnet). 
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Equation 1.1 Hydrogel swelling as polymer elasticity and swelling pressure.239 
π#$ 	= 	𝜋(#) 	−	𝜋+,-	
	
Water in hydrogels can be classified into three types: bound water, made up strongly 
bound, weakly bound and non-bound water, associated water, again strongly or 
weakly associated, and free water.240 The water activity is also important as it acts as 
a solvent affecting nanoclusters or nanodomains as well as microdomains and 
influencing gel structure, density, electroconductivity and other properties. Solute 
diffusion, adsorption, release, etc. in hydrogels is important in many biotechnology 
fields. It is dependent on the hydrogel free volume, hydrodynamic drag on the solute, 
path length (increased by obstruction) as well as the interaction with the polymer 
matrix and material. The hydrogel porosity, including porosity within macrostructure 
walls, can also influence diffusion and adsorption of solutes.241 Dehydration of gels 
can alter the hydrogel nano- and microstructures and may cause gel deformations.231 
Rehydration of dried gels typically results in a reduced amount of strongly and weakly 
bound water. Diffusion of low- and high-molecular weight solutes showed that non-
bound water in macropores behaves similarly to free water, yet solute interactions with 
macropore walls can result in adsorption or penetration which can then influence water 
behaviour. 
 
1.5.2 Oligonucleotide Crosslinked Hydrogels  
 
A number of different “smart” or “intelligent” hydrogels have been developed that 
exhibit structural changes in response to pH,242,243 temperature,244 ionic 
concentration,245 light246 or electrical247 or magnetic fields.248–251 Triggered response 
to DNA or RNA has been achieved in a number of ways. Serpe et al. specialise in 
responsive poly(N-isopropylacrylamide) (pNIPAm) microgels in Fabry-Pérot etalons 
which, when functionalised with N-(3-aminopropyl) methacrylamide hydrochloride 
(APMAH), would collapse in response to charged ssDNA (Figure 1.17).152,252 If 
combined with magnetic particles functionalised with cDNA, the target miRNA 
sequence could be extracted and then quantified by the non-sequence specific 
etalons. 




Figure 1.17 Target miRNA is purified using magnetic particles functionalised with cDNA. Once 
hybridised, magnetic particles can be extracted with a magnetic field and the miRNA removed through 
elevated temperatures. Swelling of the pNIPAm-APMAH microgel etalons with the resulting solution of 
target miRNA results in gel shrinking as the negatively charged miRNA interacts with the positively 
charged microgels. The collapse is then transduced through the altered optical properties of the etalon 
structure. Adapted from Serpe et al.253 
 
By grafting ssDNA into hydrogels the bioreceptor capabilities of ssDNA can be 
conferred to the material to generate responsive smart hydrogels.174,254,255 Rather than 
detecting non-specific DNA concentrations, this utilises the specificity of DNA 
sequences for label-free detection. Various hybridised DNA crosslinks have been 
incorporated into hydrogels in a number of designs. These can be classified as either 
gel-sol responsive hydrogels, wherein only oligonucleotide crosslinks are used so that 
displacement of the blocker strand results in hydrogel dissolution, or gel-swelling 
responsive hydrogels, using a mixture of covalent crosslinks and oligonucleotide 
crosslinks so that the swelling is controlled by the number of intact crosslinks without 
dissolution occurring.  
Yang et al. developed an aptasensor design using oligonucleotide crosslinks in PAM 
(Figure 1.18a).256 Synthesis of two polymers using free radical redox initiation, with 
each containing grafted DNA, enabled gelation upon mixing. Entrapment of gold 
nanoparticles during gelation resulted in a measurable signal as the gel-sol transition 
triggered by the analyte enabled nanoparticle release. However, relatively high 
concentrations of DNA were required to cause gelation. Similar hydrogels also 
undergoing gel-sol transitions have been used to release small molecules or quantum 
dots as reporter molecules.173,257 




Figure 1.18 Illustrations of oligonucleotide crosslinked hydrogels. (a) Response of the aptamer based 
oligonucleotide crosslinked hydrogel developed by Yang et al.258 Upon introduction of adenosine, the 
aptamer sensing strand refolds and displaces one of the blocking strands. Crosslink breakage resulted 
in a gel-sol transition and gold nanoparticle release. (b) Swelling response of the oligonucleotide 
crosslinked hydrogel developed by Stokke et al.259 Binding of the analyte sequence to the sensing 
strand displaces the blocking strand, resulting in a reduced crosslink density and increased swelling 
capability. 
 
Stokke et al. also developed a design for oligonucleotide crosslinked PAM gels (Figure 
1.18b).259 They incorporated MBA chemical crosslinks alongside the oligonucleotide 
crosslinks and generated a measurable selective response to ssDNA sequences using 
the increased swelling capabilities resulting from oligonucleotide crosslink 
displacement whilst avoiding dissolution. This required a far lower concentration of 
DNA to enable responsivity and their investigations into the effects of crosslink length 
and hydrogel charge density greatly informed this work.176,260,261 Furthermore, their 
characterisation of gel swelling responses to analyte concentration or mismatches was 
far more thorough than gel-sol transition techniques and the reduced material costs 
compared to gel-sol methods was beneficial. 
 
a) b) 
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1.5.3 Hydrogel Swelling Transduction Methods 
 
Transduction of the swelling of hydrogels can be achieved through a variety of 
methods, each with benefits and drawbacks. The most basic transduction can be 
achieved by measurement of the hydrogel mass, whereby a greater swollen volume 
results in a greater mass. The simplicity of this method is attractive as even the most 
basic scales can be used; however, small volumes require more specialised 
equipment for measuring much smaller changes in mass. Acoustic wave devices have 
been discussed previously and can be used to measure small mass changes in 
hydrogels,262 yet the complications arising from sensitivity to liquid viscosity make 
these unattractive for miRNA biosensing using hydrogels.146 
Optical transduction of swelling is another commonly used technique to monitor 
hydrogel swelling. At a most basic level, imaging can be used to calculate the area or 
volume of a gel. Much like mass transduction, this has limited use at smaller scales. 
More sensitive approaches have been developed using interferometry. Serpe et al. 
use etalons to monitor microgel layer swelling.263,264 Etalons may be miniaturised and 
could be developed to have multiplex capabilities, yet the lack of specific DNA 
recognition by microgels would add complexity to detection of multiple miRNA 
sequences.152 Stokke et al. deposited hydrogel droplets on the end of an optical fibre 
and achieved great sensitivity (Figure 1.19),265 while Kim et al. developed a 
bioresponsive hydrogel microlens.266,267 Similar techniques include Bragg diffraction 
based sensors268 and refractive index sensors such as SPR.269 The advantages of 
optical transduction include high sensitivity and relatively common equipment, yet the 








Figure 1.19 The interferometric technique used by Stokke et al. to monitor hydrogel swelling. The 
incident light was sent through the optical fiber and reflected at the fiber-gel interface (Reflected 1) 
and the gel-solution interface (Reflected 2). The interference wave provides a measurable signal of 
the hydrogel volume. Adapted from Stokke et al.265 
 
Alternatively, optical transduction can be achieved using a particle release, whereby 
hydrogel swelling would result in increased rate and extend of particle release. Yang 
et al. utilised this release mechanism in their adenosine or thrombin detection relying 
upon a gel-sol transition,256 while numerous investigations into particle release rely on 
gel swelling only and the have identified the effect of crosslink density.236,270 However, 
particle diffusion may be slower than hydrogel swelling, such that Yang et al. relied 
upon manual agitation to increase release. 
MEMS and NEMS discussed previously can be applied to hydrogels. Hydrogels can 
be polymerised into piezoresistive pressure sensor chambers271 or attached to 
microcantilever structures.272 The small size and cost of MEMS and NEMS remain 
attractive, however, the difficulties around sensitivity to solution viscosity remain 
problematic for hydrogel swelling transduction.  
Electrical transduction of swelling may be achieved through use of conductive polymer 
composites. Composite materials combine two or more materials with different 
properties to achieve materials with a combination of the individual properties of each 
material.273 Conductive polymer composites typically combine a conductive material 
such as a metal powder, conductive polymer or carbon-based material with a non-
conductive polymer to achieve a conductive material.274 They have been applied to 
sensing through development of electronic noses or tongues.275,276 In the case of 
conductive hydrogel composites, the electrical properties change as the hydrogel 
properties change enabling electrical monitoring of swelling.274 Sensor designs could 
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readily be multiplexed with basic electrode designs and electrical transduction could 
be transduced with common technologies like smart-phones.277,278 
 
1.5.4 Oligonucleotide Crosslinked Polymer Composites 
 
The conductivity of a composite material is dependent on the arrangement of 
conductive sections within the polymer matrix. As such the size, concentration and 
morphology of conductive particles will define whether conductive pathways can be 
formed. If sufficient conductive pathways are achieved, the material is in a percolating 
state, wherein the whole material has become conductive. Percolation theory can best 
be summarised in Figure 1.20, showing the conductivity regions as the conductive filler 
concentration is increased.274,279 Although the exact shape of the three conductance 
regions will be dependent on the filler and matrix used, the general shape will always 
exhibit a region of low conductance or insulation dominance, where there is not 
enough conductive filler to create an electron transfer pathway, a middle region, in 
which the increased concentration of conductive filler begins to form increasing 
amounts of conductive pathways and rapidly increases conductance, and a conductive 
or percolating region where the increasing conductance plateaus having passed the 
percolation threshold. A similar trend can also be seen for mechanical properties 
where the strength of a filler may impart increased mechanical strength to the 
composite.  
 
Figure 1.20 Theoretical graph showing change in conductance as conductive filler concentration 
increases. Figure taken from Zhao et al.274 
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The conductive filler morphology will define the method of conductivity achieved and 
effects like quantum tunnelling can facilitate conduction even when filler particles are 
not in direct contact. For nanomaterials, the total resistance is a combination of 
constriction resistance and tunnelling resistance.280 Constriction resistance involves 
the intrinsic resistance of the material and the contact spots and pressure between 
conductive particles. When in contact, particles may undergo reversible plastic 
deformation or permanent plastic deformation depending on the material and 
pressure. Tunnelling resistance is the resistance arising from any coating on the 
conductive material which can be a surfactant, oxide layer, or polymer matrix. The total 
resistance is therefore a combination of the resistance through a particle and the 
resistance of particle-particle contact, as well as the contact to the electrodes and 
geometry of conductive filler packing. 
When using conductive composite hydrogels there is a risk of deformation during 
cooling or drying. When a conductive filler has a lower thermal expansion coefficient 
than the polymer matrix cooling can exert tensile stress on the polymer, although if 
above the polymer glass transition temperature (Tg) the relaxation of the polymer can 
relieve this stress.281 During drying, capillary action between conductive particles will 
also cause internal stress and may cause hydrogel deformation. 
Percolation theory may be adapted to predict the conductivity of composite systems. 
One example of this is the general effective medium (GEM) theory which describes 
the conductivity of a two-component composite (Equation 1.2), where 𝜎/, 𝜎0 and 𝜎) 
are the conductivities of the low conductivity component, high conductivity component 
and the resulting effective conductivity of the composite.282 The volume fraction of low 
conductivity component, 𝑓, may be expressed as the volume fraction of the high 
conductivity component (∅ = 1 − 𝑓) while 𝑓4 is the critical volume fraction and 𝑡 is 
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Equation 1.2 The general effective medium (GEM) equation and associated definitions.282 
𝑓(∑/ −	∑))
∑/ + [𝑓4/(1 −	𝑓4)]∑)
	+	
(1 − 𝑓)(∑0 −	∑))













Ferrier et al. developed an oligonucleotide crosslinked polymer composite consisting 
of carbon nanopowder in a PAM gel with both MBA and DNA crosslinks on an 
interdigitated electrode.81,227 Detection of the miR92a sequence was achieved through 
optical transduction and using a d.c. two-wire resistance measurement, however, 
limitations in both sensitivity and reliability indicated extensive optimisation and 




This work was conducted within the specifications defined within the associated 
patent.226 Furthermore, it was conducted in collaboration with Axis-Shield Diagnostics 
Ltd. (subsequently Alere Inc. then Abbott Laboratories through purchase and/or 
merger). As such, aims included taking steps towards commercialisation 
requirements. One element of this was the potential for automatised dispensing and 
synthesis, in particular inkjet printing. 
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1.6.1 Inkjet Printing 
 
Inkjet printing is a computerised dispensing method most commonly used for non-
contact deposition of ink onto a material. Inkjet printing can be either continuous or 
drop-on-demand (DOD).283,284 Continuous inkjet printing creates a continuous stream 
of droplets that can be deposited at high velocity from relatively long distances. DOD 
printing is more commonly used in domestic inkjet printers. Thermal and piezoelectric 
dispensing are the two most frequently used DOD methods in research (Figure 1.21). 
Thermal printers use resistors which can be heated to create a vapour bubble. This 
bubble expands to push out a droplet. As the resistor cools the bubble collapses and 
draws fresh ink to refill the nozzle. Piezoelectric DOD printing uses capillaries with an 
electrically deformable material. Upon introduction of a voltage, the deformable 
material contracts the capillary to expel a droplet. Ink is replenished in the nozzle as 
the deformable material relaxes.  
 
Figure 1.21 Illustration of thermal and piezoelectric drop-on demand inkjet printing techniques. Thermal 
inkjet printing uses a heated resistor to create vapour bubble to eject a droplet. Piezoelectric printing 
uses a voltage to deform and contract the material and expel a droplet. 
 
Printable substrates need to be stable for long periods without aggregation or 
sedimentation which may cause nozzle blockages. Continuous printing can use 
volatile solvents which dry quickly, whereas DOD techniques tend to rely on water-
based inks or materials. In piezoelectric printers, the viscosity and surface tension of 
the ink define printability.285,286 Print nozzles with various coatings may improve droplet 
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formation,287 although highly viscous materials have limited printability outside of 
valve-jet printers.288 
Inkjet printing offers a method for precise deposition of material, both in terms of 
location and volume. The non-contact nature of printing and high velocity of droplets 
enables mixing of components and facilitates printing or printing onto soft materials 
such as hydrogels. Further advantages include the ease of use, small scale and high 
throughput capabilities which could readily be translated onto the commercial scale. 
Bradley et al. utilised inkjet printing to test polymer microarrays, mixing various 
combinations of monomers to rapidly assess polymer capabilities.289–292 
 
1.7 Summary  
 
This introduction outlined the expression and activity of miRNA as well as its important 
role in disease. The potential of miRNA as circulating non-invasive biomarkers was 
discussed with regards to a huge variety of diseases. Existing miRNA detection 
techniques were presented, including both the strengths and limitations which have 
prevented miRNA from being utilised in diagnostic applications. 
Oligonucleotide based sensor designs and crosslinks were presented in applications 
for sequence specific identification of miRNA sequences. The limitations of ssDNA 
crosslinks were presented, in particular with regards to temperature stability and 
required buffer conditions. Advantages of DNA analogues were discussed, with MOs 
presented as the most attractive option due to their insensitivity to salt concentration 
and the novelty of MO crosslinks in hydrogels. 
The benefits of hydrogels in biosensing applications, namely their resistance to bio-
fouling, aqueous nature and the 3D network combining both solid- and solution-phase 
benefits were discussed and responsive smart hydrogels presented using grafted DNA 
crosslinks. DNA crosslink displacement as a bioreceptor element was shown to control 
gelation or swelling capabilities of DNA functionalised hydrogels. Techniques for 
transduction of hydrogel swelling showed limitations with regards to appropriate 
volume size or portability and electrical transduction was presented as the ideal 
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method for multiplexed analysis of small volumes of hydrogels. Incorporation of 
conductive carbon nanopowder into hydrogels was shown as a viable way to 
electrically transduce hydrogel swelling by Ferrier et al. albeit with a number of 
reliability and sensitivity improvement requirements. Inkjet printing was presented as 
a method to improve system reliability through precise deposition, with added benefits 




This thesis described the development of oligonucleotide crosslinked hydrogels and 
composites for miRNA sequence detection through optimisation of the DNA 
crosslinked polymer composites developed by Dr Ferrier. Identification of the optimal 
materials, composition and synthetic protocol aimed to obtain reproducible, sensitive 
and specific miRNA detection comparable to established techniques. Furthermore, the 
use of MO crosslinks aimed to achieve a world’s first MO crosslinked hydrogel and 
explore the potential of these DNA analogues in diagnostic or material applications to 
expand the knowledge base of these analogues. 
Transduction through electrical measurements rather than optical monitoring was 
desired, with a view to achieve multiplex capabilities. Development of a synthetic 
protocol using inkjet printing aimed to achieve a facile production method as proof for 
potential commercialisation and to further the knowledge of printable oligonucleotide 
composite materials.   
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All materials were purchased from Sigma Aldrich and used as received aside from  N-
isopropylacrylamide (NIPAm) which was recrystallised in hexane (Table 2.1) and the 
Morpholino Oligonucleotides and ssDNA oligonucleotide sequences (Table 2.2) which 
were purchased from GeneTools and Integrated DNA Technologies, respectively. 
Deionised (DI) water was obtained by an ELGA DI water system with a Filtromat 
activated carbon filter, ELGA Purelab Prima 120 reverse osmosis unit, C260 and C270 
deionising cylinders, 0.2 µm membrane filter, UV disinfection and monitored using 
conductivity meters.  
Table 2.1 Purity of hydrogel polymerisation materials as specified by Sigma Aldrich. 
Acrylamide (AAm) ≥99% 
N-isopropylacrylamide (NIPAm) 97% 
N,N’ -methylene-bisacrylamide (MBA) 99% 
1-hydroxyphenylketone (HPK) 99% 
Phosphate buffer (PBS), aqueous, pH 7.4 1.0 M 
Ethylene glycol ≥99% 
 
2.2 Hydrogel Preparation 
 
2.2.1 Oligonucleotide Crosslink Sequences 
 
The APT1 crosslink design was replicated from work by Yang et al.256 and APT2 was 
adapted from APT1. The ASS analyte sequence was provided by Dr Finn Grey and 
later published.293 The MIR analyte sequence is taken from miRNA 92a-12 and the 
MIR1 crosslink was designed by Dr Ferrier based on previous work by Stokke et 
al.227,259 Random sequences were randomly generated. Mismatch sequences AMM1 
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and AMM5 were designed for MIR and MOR crosslinks with 1 and 5 mismatches with 
regard to the MIR crosslink sensor strand. Polymerisable DNA sequences were 
ordered from IDT with 5’ AcryditeTM functionalisation. MO sequences were ordered 
from GeneTools with either 3’ primary amine (MOR1) or 5’ acrylate functionalisation 
(MOR2). 
Table 2.2 Nucleotides matching the sensor strand are coloured red. Sensor strand nucleotides matching 
blocking strands are underlined (italicised if two blocking strands are used). Polymerisable groups are 
denoted by “*”. Crosslink length was estimated using Equation 3.1. DNA-DNA crosslinks Tm predictions were 
calculated at 150 mM NaCl, aside from APT1/2 (300 mM NaCl), using “Nearest Neighbor” calculations.168 















Analyte Adenosine (x2)   +0.0  
APT1      
Sensor ACT CAT CTG TGA AGA GAA CCT GGG GGA GTA TTG CGG AGG AAG GT 44    
Blocker *CCC AGG TTC TCT 12 7  44 
Tether *TCA CAG ATG AGT 12 7 27.2 38 
APT2      
Sensor *AGA GAA CCT GGG GGA GTA TTG CGG AGG AAG GT 32    
Blocker *CCCAGGTTCTCT 12 7 17.6 44 
African Sleeping Sickness     
Analyte GGG GGC CGG GTC CGC TTA GCG GGG ACT TCT TGG AC 35  +14.0  
Random GAT TGC AAT TCT CTC AAA GTA TTA TGC AGG CCG GC 35  +14.0  
ASS1      
Sensor *GTC CAA GAA GTC CCC GCT AAG CGG ACC CGG CCC CC 35    
Blocker 1 *TAT CAC CCC TGG GGG CCG GGT C 22 14 22.8 52 
ASS2      
Sensor *GTC CAA GAA GTC CCC GCT AAG CGG ACC CGG CCC CC 35    
Blocker 2 *GAC TTC TTG GAC 12 7 18.8 35 
ASS3      
Sensor *GTC CAA GAA GTC CCC GCT AAG CGG ACC CGG CCC CC 35    
Blocker 2 *GAC TTC TTG GAC 12 7  35 
Blocker 3 *GGG GGC CGG GTC 12 11 23.6 52 
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Leukaemia miR92a     
Analyte TAT TGA ACT TGT CCC GGC CTG T 22  +8.8 66 
Random ACG TCT AGA CGT AAC GAA GGT C 22  +8.8 18 
AMM1 TAT TGC CCT TGT CCC GGC CTG T 22  +8.8 65 
AMM5 TAG TGC ACT TGT GCG GCC CTG G 22  +8.8 57 
MIR1      
Sensor *ACA GGC CGG GAC AAG TGC AAT A 22    
Blocker *TAG TGC GTT TTA TTG CAC TTG T 22 14 17.6 32 
MIR2      
Sensor *ACA GGC CGG GAC AAG TGC AAT A 22    
Blocker *TAT TGC ACT TGT 12 11 13.4 33 
Leukaemia miR92a (MO)     
Analyte TAT TGA ACT TGT CCC GGC CTG T 22  +8.8 86 
Random ACG TCT AGA CGT AAC GAA GGT C 22  +8.8  
AMM1 TAT TGC CCT TGT CCC GGC CTG T 22  +8.8  
AMM5 TAG TGC ACT TGT GCG GCC CTG G 22  +8.8  
MOR1      
Sensor ACA GGC CGG GAC AAG TGC AAT A* 22    
Blocker TAG TGC GTT TTA TTG CAC TTG T* 22 6 0.0 66/38 
MOR2      
Sensor *ACA GGC CGG GAC AAG TGC AAT A 22    
Blocker *TAT TGC ACT TGT 12 13 0.0 66/38 
 
2.2.2 ssDNA Preparation 
 
Lyophilised DNA from IDT was dissolved in 1 mM PBS at room temperature overnight. 
Analyte, mismatch and random sequences were aliquoted and stored at -20 °C. Prior 
to use, aliquots were defrosted, diluted to the appropriate concentration and degassed 
by sonication for 30 mins. Appropriate volumes of equimolar sensor and blocker 
strands were combined with 300 mM NaCl (3 M stock solution) and heated to 95 °C 
for 2 mins. The crosslink solution was then cooled slowly to room temperature before 
pelletisation using IPA precipitation. An equal volume of IPA (-20 °C) was added, the 
solution incubated at -20 °C for 30 mins then centrifuged at 13300 rpm for 30 mins. 
The supernatant was decanted and DNA pellets were washed with 1 volume of 70 % 
v/v ethanol (-20 °C) 3 times. Pellets were then dried overnight at room temperature 
and stored at -20 °C. Before use, pellets were defrosted at room temperature prior to 
dissolution.  
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2.2.3 Morpholino Oligonucleotide Functionalisation  
 
The MO sensor and blocker strand used in crosslink MOR1 were obtained from 
GeneTools with a 3’ primary amine modification attached via an ethyl linker. To 
replicate the AcryidteTM functionalistion on DNA strands an acrylamide 
functionalisation was developed by Dr Jaclyn Raeburn (Figure 2.1). Sensor and 
blocker strands were, separately, dissolved in  DI water to 1 mM (750 nmol in 750 μL). 
2 molar equivalents (75 μL) of 20 mM N-succinimidyl acrylate (NSA, Sigma-Aldrich, 
≥97% purity) in DI water were added and stirred at room temperature for 24 hrs and 
reaction progress was monitored using MALDI-ToF-MS (Appendix A). Solutions were 
lyophilised and then washed with excess ethyl acetate (2 mL, 50 °C) to remove 
succinimide. Conversion and purification were assumed to be 100% efficient without 
any lost material as the limited material prevented further characterisation. Sensor and 
blocker strands were then prepared as detailed below (Section 2.2.5).  
 
Figure 2.1 Reaction scheme of a MO strand with N-succinimidyl acrylate (NSA) to form acrylamide-
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2.2.4 MALDI-ToF-MS of Oligonucleotides 
 
Modified MOR1 sensor and blocker strands were assessed using MALDI-ToF-MS 
using an Ultraflex II ToF/ToF mass spectrometer (Bruker Daltonics) operated in 
negative mode with a Smartbeam II laser. The raw data was processed using 
FlexAnalysis software (Bruker Daltonics). Aliquots of reaction mixture were removed 
and mixed in 1:1 ratio with the MALDI matrix and salt (1:1 mix of 2,4,6-
trihydroxyacetphenone monohydrate (THAP) in acetonitrile (62.5 mM) and ammonium 
citrate dibasic (DAHC) in water (75 mM)). The plate was prespotted with 0.5 µL of 
THAP (250 mM) and 1 µL of sample mixtures were spotted in triplicate. Spectra are 
provided in Appendix A. 
 
2.2.5 Morpholino Oligonucleotide Preparation 
 
Equimolar sensor and blocker MOs were dissolved in DI water (at a concentration of 
1 mM) and aliquoted in appropriate quantities. Mixtures were then heated to 95 °C for 
2 min, cooled to room temperature and subsequently lyophilised as smaller aliquots 
for use in gel preparation. Once lyophilised, aliquots were stored in sealed containers 
at room temperature.  
 
2.2.6 Hydrogel Sample Preparation 
 
Pre-gel solutions were prepared from stock monomer solutions of acrylamide (AAm, 
40 wt%), N,N′-methylene bisacrylamide (MBA, 0.13 M) and NaCl (3 M) in 1 mM, pH 
7.4 phosphate buffer solution (PBS). Typical gels included 1-hydroxycyclohexyl phenyl 
ketone (HPK, 0.1 M) in ethylene glycol as a radical photoinitiator. Mixing appropriate 
amounts of these stocks gave final concentrations of 10-20 wt% AAm with 0.6-1.5 mol 
% MBA and 0.13 mol % HPK with regard to AAm and 0-300 mM NaCl. Typical pre-gel 
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stocks contained carbon nanopowder (<50 nm particle size, 1 wt% for optical 
transduction, 2 wt% for electrical transduction). The combined stock solution was then 
pipetted into a 1.5 mL Eppendorf centrifuge tube containing the appropriate 
oligonucleotide crosslinks to a final concentration of 0.4-0.6 mol % (5.6 mM in the gel 
assuming 100% conversion) and stored at 4 °C overnight. Mixing was carried out at 
500 rpm by vortex mixer, followed by manual agitation. 
 
2.2.7 UV Photoinitiation 
 
Typical hydrogel samples were prepared in 1 or 2 µL quantities by pipetting the 
manually agitated pre-gel (and oligonucleotide) stock onto a 7.7 x 22.8 mm silicon 
oxide chip with a silanised layer for polymer attachment to the chip surface described 
below (Section 2.4.3). Once deposited, the pre-gelator droplet on each chip was 
irradiated with a Dymax Bluewave 75 UV curing light source (280–450 nm, 19+ W/cm2) 
for 60 s to initiate polymerisation and gelation. Gels for optical transduction were 
washed in 1 mM phosphate buffer solution (pH 7.4) with the same NaCl concentration 
as the pre-gelator solution (0-300 mM) at 4 °C for 1 hour, the wafer was then patted 
dry and stored at 4 °C for 16-24 hrs until constant mass and moved into the test 
environment (20 ±1 °C, 40 % humidity) before swelling. Gels for electrical transduction 
were stored at 4 °C without washing for 16-24 hrs until constant mass before swelling.  
Photoinitiation using alternative initiators was conducted as above, using equimolar 
HPK in acetonitrile (ACN). Equimolar bis(2,4,6-trimethylbenzoyl)-phenyl phosphine 
oxide (BAPO, 97%) in ACN was tested in place of HPK, as well as a mixture with HPK 
(equimolar total with half BAPO and half HPK). 
 
2.2.8 Thermal or Redox Initiation 
 
Thermal initiation was investigated using 2,2'-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V-70, ≥98%) as initiator in place of HPK. V-70 was dissolved in 
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ACN (0.1-0.25 M) and added in place of HPK. As V-70 is a biradical initiator it was 
tested both equimolar to HPK (double the number of radicals) and after a 2-fold dilution 
(equimolar radicals). Initiation was carried out by incubation at 37 °C for 10 mins, after 
which the droplet was dry. Gels were then cooled to room temperature and stored at 
4 °C overnight. 
Redox initiation was carried out by mixing ammonium persulfate (APS, ≥98%, 10 wt%) 
and tetramethylethylenediamine (TEMED, 99%) into pre-gel solutions at various 
concentrations (0.13-1.3 mol% wrt AAm). Initiation was triggered either by mixing two 
pre-gel aliquots containing either APS or TEMED, or by adding APS to a pre-gel 
solution containing TEMED. APS was dried onto electrode chips and pre-gel solution 
containing TEMED was pipetted on top. 
 
2.2.9 Conductive Particle Dispersion 
 
The conductive particles in pre-gel solution preparation, either CNP or carbon 
nanotubes (CNT, multiwalled, O.D. x I.D. x L: 10 nm x 4.5 nm x 3-6 µm), were weighed 
(1-3 wt%) into a microcentrifuge tube (1.5 mL) and the appropriate volume of pre-gel 
solution added. Initial mixing was manual and followed by vortex mixing (1000 rpm) 
before pipetting into any oligonucleotide stock. After oligonucleotide dissolution, 
mixing was carried out at 500 rpm using a vortex mixer, followed by manual agitation 
prior to pipetting. 
Surfactant investigations compared morpholinopropane-1-sulfonic acid (MOPS, 
≥99.5%) buffer with PBS, and tested sodium dodecylbenzenesulfonate (NaDDBS) as 
a surfactant on CNP or CNT. 0.1-2.0 wt% CNP were mixed manually followed by 
vortex mixing (3000 rpm, 5 mins) in 1 mL of 1 mM PBS or 20 mM MOPS buffer. When 
surfactants were mixed by weight, surfactant and 2 wt% CNT or CNT were weighed 
into a glass vial and vortexed with DI water for 1 min before 3 hours sonication using 
a sonication bath. 
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2.3 Optical Transduction 
 
2.3.1 Imaging and Analysis 
 
Swelling properties of the hydrogels were characterised by taking images of the gels 
using a Sony XCD-X710 Firewire Camera with a MEDALight LP-300 lightbox as 
backlight using IC Capture image acquisition software (Figure 2.2). For swelling 
kinetics studies gels were imaged in solution (5 mL) every 10 s and gels required CNP 
incorporation for adequate contrast between gel and solution. For end volume only 
measurements gels were swollen in solution (5 mL) and dried carefully to remove 
excess liquid on the outside of the gels before imaging. Samples were measured in 
triplicate and moved into the test environment (20 ±1 °C, 40 % humidity) before 
swelling. 
 
Figure 2.2 Illustration of polymer gel imaging set-up. Gels on electrode chips were positioned in front 
of a back-light and imaged using a Sony XCD-X710 Firewire camera. Not to scale. 
 
Images were processed and analysed using custom MatLab code written by Dr Ferrier 
which calculated the gel volume using the contrast between the background and the 
gel and calibrated using the width of the chip. The distance between the wafer edges 
were used for scale and the square area to be investigated defined. The contrast 
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between gel and background is then used to define the gel edges. The area of a circle 
is then calculated at each pixel height using the distance between gel edges as the 
diameter and the sum of these circle areas defined in pixels. Subsequently, the volume 
of pixels is converted to µL using the scale defined by the wafer edges. The full MatLab 
code is provided in Appendix B. 
 
2.3.2 Salt Study 
 
Sample solutions and gels were prepared as described above (Section 2.2.6) without 
NaCl and washed in 1 mM phosphate buffer without NaCl. Samples were then placed 
in a 5 mL solution containing the ‘analyte’ or ‘random’ DNA sequence (1 µM) with 
varying NaCl concentrations (0-300 mM) at 20 ±1 °C. Swelling was monitored in 
triplicate optically (Section 2.3.1). 
 
2.3.3 Thermal Study 
 
Gels (1 µL) were prepared without NaCl as above (Section 2.2.6). 3 samples were 
placed in a 5 mL solution of 1 mM phosphate buffer pre-heated to temperatures 
varying from 20-65 °C ±2 °C and kept at the set temperature for 1 hour. Gels were 
then removed from solution, patted dry and imaged. 
 
2.3.4 Mobile Measurements 
 
Gels (1 µL) were prepared without NaCl as above (Section 2.2.6). Samples were 
placed in 5 mL solution of 1 mM phosphate buffer with either A1 or R1 ssDNA (10 pM) 
in triplicate for 30 minutes. Gels were then removed from solution, the wafer dried, and 
the gel imaged using a OnePlus 5T camera (20 MP) with a SODIAL(R) 30X Zoom 
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LED Magnifier Clip-On Cell Phone Mobile Phone Microscope Micro Lens attachment. 







The electrodes used in this thesis were designed by Dr Ferrier based on commercial 
designs. They consisted of an interdigitated electrode (IDE) array on a silicon (Si) 
substrate with a silicon dioxide (SiO2) surface layer (Figure 2.3). The array had 30 
digits in total, 10 µm wide with 40 µm spacing spanning an area of 1.5 x 1.46 mm 
which would be covered by a 2 µL gel droplet. The IDE array was connected to two 
contact pads. The electrode arrays were platinum (Pt) on titanium (Ti). 
 
 
Figure 2.3 Illustration of electrode chip layers and design. Interdigitated digits are 10 µm and 40 µm 
apart. 
 





Electrodes were fabricated in the Scottish Microelectronics Centre (SMC) clean-room 
facility with controlled temperature (20 ± 1 °C) and humidity (40%). Si wafers (4”) were 
oxidised in a wet-oxidation furnace at 1100 °C for 40 mins to generate a 500 nm thick 
SiO2 surface layer, followed by 30 mins in a plasma asher to remove any moisture on 
the surface. 
Wafers were subsequently treated with hexamethyldisilazane (HMDS) via 10 minutes 
in a sealed container with HMDS vapour to increase photoresist adhesion. Photoresist 
(AZ nLOF 2070-3.5) was spin-coated on the surface at 700 rpm for 5 s then 3000 rpm 
for 45 s (1000 rpm/s acceleration) to a depth of approximately 3.5 µm, then soft-baked 
on a hotplate at 110 °C for 1 min. 
After the photoresist application, wafers were exposed to UV irradiation (350 – 450 
nm, 4 mW/cm2) for 30 s with hard-contact through a photolithography mask designed 
by Dr Ferrier (chrome on glass). Wafers were then baked on a hotplate at 115 °C for 
1 min. Photoresist development was carried out by immersing wafers in developer 
solution (AZ726) for 2 mins, then rinsed with DI water and dried with N2. Metal 
deposition was carried out by Stewart Ramsay. Electron-beam evaporation was used 
to deposit a 10 nm thick layer of Ti for adhesion, followed by 50 nm of Pt.  
Removal of the negative photoresist layer was achieved by soaking wafers in stripper 
solution (1165) at 50 °C for 1 hr and subsequently sonicated to remove any remaining 
undesired metal. Wafers were then rinsed in IPA, then DI water and dried with N2. 
After optical electrode assessment, a photoresist (SPR350) layer was spin coated 
(500 rpm, 5 s, then 3000 rpm, 30 s) and soft-baked (90 °C, 1 min). Wafers were then 
diced into individual IDE devices. The photoresist layer was then removed with a rinse 
of acetone, IPA, then DI water, before being dried with N2. Defective electrodes were 
discarded and each electrode was inspected again before use to ensure the 
appropriate electrode structure. 
 




Figure 2.4 Electrode fabrication. (a) Insulating layer of SiO2 is grown on Si wafer surface. (b) A layer of 
photoresist is developed. (c) UV irradiation through a photolithography mask to pattern areas of 
photoresist. (d) Photoresist is developed. (e) Ti layer is evaporated onto the wafer. (f) Pt layer is 
evaporated onto the wafer. (g) Lift-off removes remaining photoresist leaving only the desired pattern 
of Ti and Pt. 
 
2.4.3 Wafer Surface Functionalisation 
 
Silicon oxide chips were cleaned using 10 wt% NaOH for 4 hrs then rinsed with DI 
water. Chips were soaked in 0.01 M HCl for 10 mins, before pipetting 2 µL of 3-
(trimethoxysilyl)propyl methacrylate (TMSPM) onto the gelation area (the IDE array). 
Chips were then rinsed after 16 hours with acetone, then DI water and dried with N2 
before use. 
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2.5 Electrical Transduction 
 
2.5.1 Set-up and Analysis 
 
Electrical measurements presented herein were all d.c. resistance measurements. 
The equipment set up is shown in Figure 2.5a. Electrode chips were connected to a 
Keithley 2000 digital multimeter connected to a computer via USB cable and controlled 
by custom a LabVIEW script developed by Dr Ferrier. Measurements were either 
taken every 2 s, averaging 5 readings taken 100 ms apart, or every 10 s averaging 10 
readings 100 ms apart. The multimeter was set to auto-range, adapting the current to 
the resistance measured (100 µA if <100 kΩ, 10 µA if >100 kΩ).295 The length of testing 
varied up to 1 hr with a baseline measurement taken of dried gels in air for 60 seconds. 
Resistance during swelling was conducted by immersing the gel and electrode chip 
into 1.5 mL of test solution in a water bath (23 ± 1 °C). For horizontal well 
measurements the same set up was used, with a 3D clip on well used in place of water 
bath and microcentrifuge tube Figure 2.5b. After baseline measurement, 50 µL of 
solution was pipetted into the well to begin swelling. 
 
 
Figure 2.5 Illustration of the electrical measurement set-up. The electrode being tested is connected to 
the Keithley 2000 multimeter (d.c.) which is connected to a computer via USB cable. The computer 
utilises LabView to control and collect data. (a) The electrode is suspended vertically in a 
microcentrifuge tube containing the sample solution. (b) The electrode is held horizontally with the clip-
on-well attached and the sample solution is pipetted on top of the gel.  
a) b) 
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2.6 DLS Measurements 
 
Dynamic light scattering (DLS) was used to investigate the particle size and stability 
in solution. Measurements were carried out on a Malvern Zetasizer Nano ZS using a 
backscatter angle of 173° after a 3-minute equilibration time. Appropriate amounts of 
CNP were weighed out and suspended in relevant solutions via vortexing and manual 
agitation. Sedimentation studies were carried out with measurements taken every 
minute for 30 mins.  
 
2.7 Inkjet Printing 
 
Inkjet printing was conducted on a Scienon S5 SciFLEXARRAYER equipped with 
piezo dispense capillary (PDC 80) with a 50 µm aperture.	HPLC-grade water was 
degassed for 30 min by sonication before using as printer solvent. 
 
2.7.1 Glass Slide Preparation and Surface Functionalisation 
 
Glass slides (76 mm x 26 mm x 1 mm) were washed with DI water and acetone, then 
placed in a 40 kHz/100 W Zepto O2 plasma generator. Vacuum was produced (0.5 
mbar) and O2 flowed at a rate of 50 sccm. Slides were treated for 10 mins with power 
set between 50-100 W. After venting, slides were again washed with DI water and 
acetone then dried with N2.  
Sucrose (20 wt%) masks were inkjet printed onto glass slides or electrode chips using 
drop-on-demand configuration. Once dried, 10 µL (2 µL for electrode chips) of 
1H,1H,2H,2H-Perfluorooctyl-trichlorosilane (POTS) was pipetted around each slide 
and slides were stored in sealed containers for 16 hrs. Slides were washed with DI 
water and acetone to remove sucrose and POTS, then dried with N2. TMSPM was 
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spread over the slides with droplets forming where sucrose had been deposited and 
stored in sealed containers for 24 hrs. Slides were then washed with DI water and 
acetone then dried with N2.  
 
2.7.2 Hydrogel Composite Synthesis 
 
Pre-gel solutions were prepared from stock monomer solutions of AAm (40 wt%), 
NIPAm (40 wt%), MBA (0.13 M) and piperazine di-acrylamide (PDA, 0.104 M) in HPLC 
grade water. Solutions were made up by mixing monomer stocks into SIC Black 
Dispersion 1 (SIC) with constant stirring.  
Microarrays were printed in a two-step fabrication process. Firstly, APS (5-20 wt%) 
was deposited as 10% of the total number of drops (100-2000 drops, 35-700 nL) and 
dried. Secondly, pre-gel solutions (10/20 wt% AAm, 0.6-2.0 mol% MBA, 2-10 wt% 
TEMED) were then deposited atop the dried APS. Droplets were allowed to dry before 
moving and were stored overnight at room temperature before testing. 
 
2.7.3 Imaging and Analysis 
 
Composite microarrays were imaged using a Nikon Ni-U Eclipse fluorescence 
microscope equipped with PathfinderTM Wellscan software. Each composite droplet in 
each microarray was imaged in brightfield mode. These images were then analysed 
using ImageJ analysis software using built in equations to calculate circularity, aspect 
ratio and roundness.  
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2.8 Scanning Electron Microscope (SEM) 
 
Samples were prepared as detailed above (Section 2.2.6) on 3.5 mm2 Si wafers or 
electrode chips which were subsequently cut to fit onto the SEM stubs. If swollen, gels 
were swollen in the appropriate solution for 1 hr and then dried. Before imaging gels, 
were carbon coated using thermal evaporation. SEM imaging was carried out on a 
ZEISS Sigma HD microscope operating at 5 kV, which was also equipped with 
backscattering detectors. Imaging was carried out by Dahlia Eldosoky. 
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Chapter 3 Oligonucleotide Crosslinked Hydrogels 
 
3.1 DNA Crosslinked Hydrogels 
 
3.1.1 Established Systems and Previous work 
 
The hydrogel synthesis and DNA crosslink design developed by Stokke et al.  for 
optical interferometry assessment of DNA crosslinked hydrogels176,259,265 was used as 
the basis for Dr David Ferrier’s development of DNA crosslinked polymer composites 
during his PhD studies.81,227 In this work the miRNA sequence of miR92a (A1) was 
chosen as a target analyte due to its potential use in acute leukaemia diagnosis when 
compared to miR638 concentrations.2 The DNA crosslink (MIR1) was designed 
similarly to those used by Stokke et al. with equal length sensing and blocking strands 
with an overlap of 12 nt (Figure 3.1). Approximate crosslink lengths were estimated as 
the total distance between each of the 5’ acrydite functionalised groups, assuming that 
the length of 10 nt is 3.4 nm and that each single bond of acrydite was 0.154 nm 
(Equation 3.1).296,297 The actual length will be dependent on the mixture of ssDNA and 
dsDNA length, ionic strength of solution and the strain the crosslink is under, yet this 
simplification suffices for comparing crosslinks.298–300 
𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘	𝐿𝑒𝑛𝑔𝑡ℎ = (𝑛#K+LM,	N(+/# 	× 	0.154) + (𝑛+S4M,(-K/,# 	÷ 10	 × 	3.4) 
Equation 3.1 Estimated crosslink length where the length of both acrydite groups is summarised as the 
number of single bonds and the length of oligonucleotide is summarised as the length of nucleotides if 
dsDNA. 
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Figure 3.1 (a) The sequences and length of the MIR1 crosslink, tethered in polymer at the 5’ ends. (b) 
Displacement of the MIR1 blocker strand by the analyte strand to break the crosslink. (c) UV-initiated 
radical polymerization of acrylamide (10 wt%), functionalized MOs (0.4 mol%) and MBA (0.6 mol%) to 
form a crosslinked polymer hydrogel through radical initiation (0.125 mol%) where mol% is relative to 
acrylamide. 
 
Hydrogels functionalised with this crosslink performed similarly to those of Stokke et 
al. with a clear difference in swelling rate and end point achieved within 30 minutes 
when comparing 10 µM solutions of target sequence or the randomly generated 
sequence (Figure 3.2). This system achieved a limit of detection of 100 nM, below 
which the response to analyte sequence can no longer be differentiated from the 
response to the random sequence. Data is shown as the % volume change and unless 










Equation 3.2 (a) The % volume change (∆%), where Vm and Vi represent the measured volume and 
the initial deposited volume (typically 1 or 2 μL) respectively. (b) Equation used to calculate the standard 











Figure 3.2 Comparison of swelling kinetics showing LoD of MIR1 crosslinked hydrogels with 10 wt% 
AAm, 0.6 mol% MBA and 0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 1 wt% CNP in A1 or R1 at 10 
µM – 10 nM in 150 mM NaCl, 1 mM PBS. Data shown was collected and analysed by Dr Ferrier. ∆% 
and standard error of the mean calculated using equations 3.2a and b (n = 5). 
 
Figure 3.3 Comparison of swollen volume at 60 minutes to test mismatch response of MIR1 crosslinked 
hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% MIR1 DNA crosslinks (wrt AAm) in A1, AMM1, 
AMM5 or R1 at 1 µM in 150 mM NaCl, 1 mM PBS. Data shown was collected and analysed by Dr Ferrier. 
∆% and standard error of the mean calculated using equations 3.2a and b (n = 5). 
 
Similarly, these hydrogels exhibited specificity for the miR92a sequence over even a 
single base-pair mismatch as shown in Figure 3.3. In this experiment only the end-
point swollen volume after 60 minutes was measured and response to both a single 
mismatch or 5 non-contiguous mismatches was similar to the response to the random 
sequence, indicating that this material can differentiate single base pair mismatches 
Chapter 3. Oligonucleotide Crosslinked Hydrogels  
 
63 
which would be highly advantageous for a miRNA detecting biosensor. However, this 
degree of specificity differs from the results of Stokke et al. who reported the response 
to three probe sequences of equal total length but differing overlap length 
complementarity to the sensing sequence (10, 14 and 18 matching base pairs) and 
showed that the longer the match, the greater the rate and extent of swelling.176 In 
both cases sequence specificity is shown and the difference in response may be 
attributed to the differences in transduction method (Further discussed in section 
3.4.2).  
 
3.1.2 Adenosine Aptamer Crosslink 
 
Aptamers are oligonucleotide or peptide sequences that bind to a specific target 
molecule and are frequently compared to antibodies in their binding efficacy. Typically, 
aptamers are engineered through systematic evolution of ligands by exponential 
enrichment (SELEX) or variants thereof, with numerous benefits over antibodies in 
terms of development, synthesis and storage.301–304 A number of aptasensors using 
DNA crosslinks have been reported in various technologies including hydrogels.167,305–
307 Transduction of these offers great potential for biosensing and point-of-care 
applications such as detecting cocaine,162,163 mercury166 and proteins for detection of 
bird flu,308 Alzheimer’s Disease,164,165 Leukemia115 and HIV.309 The adaptability 
conferred by using aptamers was desired by Axis Shield to expand the scope of 
applications for sensors developed during this project. 
A well-known aptamer sequence for detection of adenosine was utilised as a proof-of-
concept.157,158,160,161 The aptamer sequence recognises and binds two adenosine 
molecules through formation of a guanine quadruplex.158 Two crosslinks were 
investigated (Figure 3.4). The first (APT1) was reported by Yang et al. and used an 
elongated aptamer sequence hybridised to one blocking strand, displaced as the 
aptamer sequence folds to bind adenosine, and a tethering strand used to attach the 
aptamer to the polymer through base pair hybridisation.258 The second crosslink 
(APT2) removed both the tethering strand and sequence of the sensing strand and 
instead covalently attached the aptamer strand. This crosslink simplification had been 
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exhibited by Yang et al. when investigating a thrombin-binding aptamer and is more 
akin to the MIR1 crosslink discussed previously.   
 
Figure 3.4 (a) The sequences and length of the APT1 crosslink adapted from Yang et al. The tether 
and blocker strand are tethered in polymer at the 5’ ends, while the aptamer sensor strand is hybridised 
to both. (b) Displacement of the blocker strand by the adenosine triggered folding of the aptamer sensor 
strand to break the crosslink. (c) The sequences and length of the APT2 crosslink, tethered in polyer at 
the 5’ ends. (d) Displacement of the APT2 blocker strand by the adenosine triggered folding of the 
aptamer sensor strand to break the crosslink. 
 
End-point swollen volumes indicated that both APT1 and APT2 crosslinked gels would 
show greater swelling capacity when swollen in 2 mM adenosine compared to swelling 
in buffer alone (Figure 3.5). APT1 gels exhibited greater non-specific swelling in buffer 
than APT2, most likely due to both longer crosslink length and greater gel charge 
density, 27.2 mol% and 17.6 mol% wrt AAm respectively.176,259 As such, the differential 
between swelling in analyte and random was far greater for APT2 gels, despite APT1 
swelling to a larger volume. Furthermore, pregel solutions were viscous and difficult to 
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conversion). Examples of fully detached, damaged, disfigured, partially detached and 
inaccurately deposited APT1 gels are shown in Figure 3.6. These issues are 
discussed further in Section 3.2.2. Due to the small volume of the gels, and the need 
to measure mechanical properties in solution, the hardness or strength of the gels 
could not be quantified with the available equipment. Although not immune to these 
occurrences, the APT2 crosslink contained 24 fewer nt units, 35 % less than APT1 so 
was less viscous and therefore easier to deposit. APT2 gels were also more resilient 
to deformation. When imaging gels out of solution, any solution outside of the gel is 
carefully removed with paper tissue. Upon accidental contact, APT1 gels would often 
partially deform, whereas APT2 gels would remain intact.  
 
 
Figure 3.5 Comparison of swollen volume at 60 minutes to test adenosine response of APT1 (solid) or 
APT2 (dotted) crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% DNA crosslinks 
(wrt AAm) in 2 (red) or 0 (blue) mM adenosine , 300 mM NaCl, 1 mM PBS. ∆% and standard error of 
the mean calculated using equations 3.2a and b (n = 3). 
 
 
Figure 3.6 Examples of APT1 gel issues (a) the “normal” gel profile (b) fully detached gel (c) damaged 
gel (d) disfigured gel (e) partially detached and inaccurately pipetted gel. 
 
Swelling kinetics were investigated using 1 wt% CNP as a contrast agent. Due to the 
difficulties relating to the high viscosity of APT1 crosslinked gels, the number of 
crosslinks was reduced to 0.2 mol% wrt AAm and the response to 2 mM adenosine is 
a) b) c) d) e) 
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shown in Figure 3.7. Issues of gel disfigurement remained and as such, testing was 
only conducted in duplicate. Due to gel irregularities, CNP leaching and some 
precipitating particles in solution, volume measurements varied greatly during each 
test (Figure 3.7a). However, as gels were imaged every 10 seconds, these effects can 
be mitigated by averaging all the measurements over each minute (Figure 3.7b). 
Despite this, there was no clear increase in swelling capacity in the 2 mM adenosine 
solution. It is likely that there were too few APT1 crosslinks in the gels to facilitate a 
measurable difference as similar results were observed in previous work and 0.4 mol% 
gels were proven to swell to a greater volume in 2 mM adenosine. 
 
 
Figure 3.7 Comparison of swelling kinetics of APT1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA and 0.2 mol% APT1 DNA crosslinks (wrt AAm) and 1 wt% CNP in 2 (red) or 0 (blue) mM 
adenosine, 300 mM NaCl, 1 mM PBS. (a) shows the average measurement at each time point (b) 
shows the average of six measurements taken every 10 seconds over each minute. ∆% and standard 
error of the mean calculated using equations 3.2a and b (n = 3). 
 
As the viscosity issues with APT1 gel preparation were mostly alleviated using the 
shorter APT2 crosslink, APT2 crosslinked gels were synthesised at the validated 0.4 
mol% concentration with 1 wt% CNP for contrast in a similar investigation of swelling 
kinetics in response to 2 mM adenosine (Figure 3.8). As with the APT1 gels, noisy 
results were observed due to CNP leaching and some precipitating particles in solution 
(Figure 3.8a). Again, averaging the measurements over each minute reduced the 
noise (Figure 3.8b). In either case, the gels swollen in adenosine can be clearly 
a) b) 
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differentiated after 6 minutes. Were CNP leaching not interfering with volume 
measurements at the earlier time points, it is expected that the swelling profile would 
be more akin to the MIR1 measurements and differentiation could be achieved earlier.  
 
 
Figure 3.8 Comparison of swelling kinetics of APT2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA and 0.4 mol% APT2 DNA crosslinks (wrt AAm) and 1 wt% CNP in 2 (red) or 0 (blue) mM 
adenosine, 300 mM NaCl, 1 mM PBS. (a) shows the average measurement at each time point (b) 
shows the average of six measurements taken every 10 seconds over each minute. Gels swollen in 0 
mM adenosine were then dried and reswollen in 2 mM adenosine (green). ∆% and standard error of 
the mean calculated using equations 3.2a and b (n = 3). 
 
In an attempt to reduce the influence of CNP leaching during swelling and confirm the 
differential swelling observed using APT2 crosslinked gels was not a result of 
inaccurate syntheses, the APT2 B samples swollen in buffer only were dried and then 
reswollen in 2 mM adenosine (APT2 ReA). These gels showed a far smaller swelling 
response than those only swollen in adenosine, although still greater than the original 
swelling in buffer. This may be explained by gel damage caused by the swelling and 
drying stresses, as well as the lack of CNP leaching. Alternatively, gel damage or non-
specific crosslink dehybridisation may equally have increased gel swelling rather than 
a response to adenosine. Due to lack of material this was not further investigated.  
End point swelling showed that both APT1 and APT2 crosslinks could be used to 
detect 2 mM adenosine in solution. However, difficulties caused by the pregel solution 
viscosity and high charge density of the gels led to issues of detachment, damage and 
a) b) 
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disfiguration. In particular, APT1 crosslinks are inappropriate for this hydrogel system 
as lowered crosslink density removed the sensing capability of the gel. Although 
aptamer crosslink incorporation and use for sensing have been validated, the 
limitations of the system adaptability have been highlighted. Shorter aptamer 
sequences and crosslinks designs could be readily adapted into this system, whereas 
longer sequences would require further optimisation. 
 
3.1.3 African Sleeping Sickness Crosslink 
 
As discussed previously, there are numerous examples of DNA crosslink structures 
and it would be expected that this hydrogel synthesis and transduction method could 
be adapted to detect a large variety of targets through intelligent design of DNA 
crosslinks. One such target is a small RNA (sRNA) sequence as a potential biomarker 
of trypanosomes in cattle.293 Detection of this sequence found by Chiweshe et al. was 
attempted in collaboration with Dr Finn Grey and served as a model for sRNA 
detection. 
Trypanosomes are parasites that cause trypanosomiasis, or African Sleeping 
Sickness (ASS) and are spread by the Tsetse fly between livestock and humans.310 
ASS occurs predominantly in sub-Saharan Africa in remote rural areas with limited 
healthcare services and is considered by the World Health Organisation (WHO) to be 
a Neglected Zoonotic Disease (NZD) with a dual burden on health and agriculture.311 
One of the challenges of ASS is diagnosing and monitoring the disease in both 
humans and animals as the lack of infrastructure leads to gross under-reporting. 
Furthermore, traditional diagnosis uses microscopy, which relies upon a minimum 
threshold of parasitaemia. The ASS biomarker can be used to detect parasitaemia 
below the detection threshold of microscopy. A simple, portable, point-of-care 
biosensor would have great potential for addressing and controlling outbreaks of ASS.  
To investigate difficulties of charge density and crosslink length, a number of crosslink 
designs were tested for ASS biomarker detection. The crosslink sensing strand was 
fully complementary to the ASS biomarker sequence, with different blocking strands 
to test the effects of crosslink design on hydrogel swelling response (Figure 3.9). The 
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ASS1 crosslink copied the MIR1 crosslink design, hybridising the sensing strand with 
a 22 nt long blocking strand (B1) that has 12 nt complementary to the 3’ end of the 
sensing strand. ASS2 instead used a 12 nt blocking strand complementary to the 5’ 
end of the sensing strand (B2), while ASS3 included both the B2 blocker and a 
blocking strand of 12 nt complementary to the 3’ end of the sensing strand (B3) to form 
a crosslink with 3 attachments to the polymer backbone.  
 
Figure 3.9 (a) The sequences and length of the ASS1 crosslink, tethered in polymer at the 5’ ends. (b) 
Displacement of the ASS1 blocker strand by the analyte strand to break the crosslink. (c) The 
sequences and length of the ASS2 crosslink, tethered in polymer the 5’ ends. (b) Displacement of the 
ASS2 blocker strand by the analyte strand to break the crosslink. (e) The sequences and length of the 
ASS3 double crosslink, tethered in polymer the 5’ ends. (f) Displacement of the ASS3 blocker strands 
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Swelling kinetics of the three crosslink designs reinforced the issues caused by high 
DNA concentration within the gels and offered potential solutions through intelligent 
crosslink design (Figure 3.10). In each case gels were swollen in buffer and then dried 
to wash out loose CNP and oligomers from the gel network. Crosslink ASS1 resulted 
in relatively frail hydrogels that frequently exhibited deformations or detached from the 
wafer during swelling, which led to difficulty in obtaining accurate results, much like 
the difficulties with APT1 crosslinked gels. As such, while the response to the analyte 
solution was marginally greater than swelling in the random solution, results are too 
similar to confidently differentiate between the two.  
 
 
Figure 3.10 Comparison of swelling kinetics of ASS targeted hydrogels with 10 wt% AAm, 0.6 mol% 
MBA and 0.4 mol% DNA crosslinks (wrt AAm) and 1 wt% CNP in 10 µM analyte (red, A) or 10 µM 
random (blue, R), 150 mM NaCl, 1 mM PBS. (a) Shows ASS1 crosslinked gels (diamonds) (b) Shows 
ASS2 crosslinked gels (triangles) (c) ASS3 crosslinked gels (circles) (d) Compares the end point 
swollen volumes at 30 minutes of ASS1, ASS2 and ASS3 crosslinked hydrogels. ∆% and standard error 
of the mean calculated using equations 3.2a and b (n = 3). 
 
Despite having similar issues of gel detachment, transduction of ASS2 crosslinked 
gels swelling response far better identified the analyte solution (Figure 3.10b). The 
a) b) 
c) d) 
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reduction of crosslink length from 14.3 nm to 7.2 nm and charge density from 22.8 
mol% to 18.8 mol% reduced the total swelling in both analyte and random solutions. 
Addition of the extra blocker strand in ASS3 crosslinked gels, despite increasing the 
total nucleotide content of the crosslink, further reduced the swelling in both analyte 
and random, although the difference in response to analyte was slightly less than 
ASS2 gels. ASS3 gels were the most robust of the ASS sensing gels, though 
seemingly still less so than MIR1 crosslinked gels. Despite the increased charge 
density of the hydrogel (23.6 mol%) being more comparable to ASS1, the overall 
swelling has been reduced as the use of two blocking strands results in a tri-functional 
crosslink.312 Differentiation between analyte and random solutions can be made after 
1 minute, although lower concentrations may take longer. 
 
 
Figure 3.11 Comparison of swelling rates of ASS2 and ASS3 crosslinked hydrogels with 10 wt% AAm, 
0.6 mol% MBA and 0.4 mol% DNA crosslinks (wrt AAm) and 1 wt% CNP in 10 µM analyte (red, A) or 
10 µM random (blue, R), 150 mM NaCl, 1 mM PBS. The maximum average swollen volume within 30 
minutes of swelling was used to calculate the swelling %.  
 
Figure 3.11 shows the swelling data of ASS2 and ASS3 from Figure 3.10b and c as a 
percentage of their maximum volume. The consistent rate of swelling irrespective of 
analyte or random solution would suggest that the diffusion of analyte DNA and 
cleavage of crosslinks occurs faster than the diffusion of water into the gel, although 
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this may not be the case at lower analyte concentrations. For both crosslink designs, 
90 % of swelling is reached after 11 minutes. Clear differentiation was possible earlier 
yet relying on 90 % swelling values ensures that the maximum differentiation is 
achieved. This swelling rate has not been affected by the ASS3 extra blocking strand, 
as the displacement reaction of both crosslinks can occur simultaneously and 
individually as each blocking strand does not improve the stability of the other. Use of 
extra blocking strands can therefore facilitate detection of longer sequences like those 
of sRNA, enabling a wider range of biomarker targets. 
 
3.2 DNA Crosslink Challenges 
 
The synthesis and analysis of the APT and ASS crosslinked hydrogels exemplified the 
adaptability of DNA crosslinks as bioreceptors yet accentuated a number of challenges 
caused by using DNA crosslinks in a hydrogel. Although arising from a number of 
different aspects of gel preparation, these will be summarised as the challenges of 
DNA crosslink dehybridisation and the detachment of the DNA crosslinked hydrogel 
from the silicon wafer. 
 
3.2.1 Crosslink Dehybridisation 
 
Typically, crosslink integrity and hybridisation could be measured using fluorophores 
and quenchers attached to the DNA strands, through introduction of a molecular 
intercalating dye or via UV absorption measurement.68,313,314 In hydrogels with 1 or 2 
wt% CNP none of these options are viable as the CNP prevents signal detection. As 
such, the crosslink integrity throughout synthesis and testing can only be modelled 
and theorised. 
The requirements for stable DNA crosslinks greatly limit the usable conditions for 
sensor synthesis and storage as any dehybridisation of the sensing and blocking 
strands can result in a false positive signal. DNA melting temperature (Tm) calculators 
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developed for PCR primer design are particularly useful for predicting properties of 
DNA crosslinks and the predicted Tm of each crosslink discussed above is shown in 
Table 3.1. The potential Tm of a crosslink is dependent on both the length and 
sequence of matching nucleotides, which in turn is dependent on the target analyte 
sequence as sequences with higher GC content exhibit base-stacking, which 
strengthen the hybridisation. The driving mechanism of blocking strand displacement 
is the greater stability of the hybridisation of the analyte sequence to the sensing 
strand.169,176 As such, lengthening the blocking strand hybridisation length would 
strengthen the crosslink, but potentially slow the rate of displacement and potentially 
lengthen the time to response (TTR). A fast TTR is desirable for point-of-care testing 
and the effects of blocking strand length investigated elsewhere, therefore longer 
blocking strands were not used despite the potential benefits. 
Table 3.1 Predicted Tm of DNA crosslinks sensor and blocker interactions, predicted using Nearest 
Neighbour calculations.168 
Crosslink Blocker Sequence GC content (%) Tm (°C) 
MIR1 TGTTCACGTTAT 33 32.79 
ASS1 CTGGGCCGGGGG 92 51.88 
ASS2 CAGGTTCTTCAG 50 35.36 
ASS3 CAGGTTCTTCAG 50 35.36 
 CTGGGCCGGGGG 92 51.88 
APT1 TCTCTTGGACCC 58 43.94 
 TGAGTAGACACT 42 38.11 
APT2 TCTCTTGGACCC 58 43.94 
 
Potential sensing applications would be expected to be carried out at either room 
temperature (23 °C) or body temperature (37 °C). Comparatively, the maximum 
temperature of the silicon wafer during 60 seconds of UV irradiation used for 
photoinitiation was 26.5 ±1.5 °C, whereas use in countries of sub-Saharan Africa or 
the effects of climate change may require storage at temperatures higher than body 
temperature.315 To minimise potential of thermal dehybridisation before testing, all gels 
were stored at 4 °C and all swelling measurements were carried out at 23 ±1 °C. As 
such, the Tm of all crosslinks used is above the expected conditions encountered 
during synthesis and testing, yet it remains a limiting feature of DNA crosslinks that 
prevents a number of alternative initiation methods or conditions. 
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DNA hybridisation is also dependent on the presence of cationic species able to shield 
the anionic charges of the sugar phosphate backbone and enable base pairing.183,184 
Without stabilisation of the electrostatic repulsion between two ssDNA backbones the 
nucleotides cannot get in proximity to base pair. Although biological samples will 
typically have a relatively high concentration of cations to maintain stable 
oligonucleotide secondary and tertiary structures, there are a number of benefits to 
not requiring salt during synthesis discussed further in Section 3.4 and Chapter 5. 
Similarly, biological samples would be pH 7.4 as high or low pH would denature DNA. 
Therefore, sampling and processing could maintain an appropriate pH through the use 
of buffers. 
For optical transduction, CNP is used as a pigment to improve the contrast for kinetic 
swelling measurements as the refractive index of PAM is similar to water and therefore 
very difficult to accurately image in solution. CNP is hydrophobic and therefore prone 
to aggregation and precipitation in aqueous solutions if not frequently agitated. A 
relatively stable pregel mixture with CNP may be achieved with a 50:50 mixture of 
water:DMSO, however the DMSO would substantially lower the Tm of the crosslink to 
be unstable at room temperature. The weakening effects of organic solvents and 
mixtures on DNA hybridisation have been thoroughly explored, limiting the solvent 
choice to water or mixtures with only a small amount of alternative solvent.183,185–
187,190–193 
 
3.2.2 Detachment and Deformation 
 
A major concern for accurate transduction using either optical or electrical methods is 
detachment of the hydrogel from the silicon substrate. During optical measurements 
detachment can manifest in different ways (Figure 3.12) which result in an over- or 
under- estimation of volume. A gel can be completely or partially detached from the 
wafer, identifiable by the gel image profile. A similar issue occurs if there has been any 
hydrogel damage during synthesis or storage resulting in deformation of the droplet 
structure. Alternatively, unusual swelling profiles, exhibiting unusual features such as 
rapid increase or decrease after swelling has plateaued, can be caused when 
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detachment facilitates horizontal swelling. In each case, delaminated or deformed gels 
are excluded from results. Analysis is based on the assumption of that the gel droplet 
is perfectly circular, such that a single diameter measurement at each pixel of height 
can be used to calculate the droplet volume. The bottom and width of the gel must 
also be specified to avoid the measurement of gel reflection or of any leached carbon 
stain. Irregular shapes or gel spreading make accurate width and height selection 
difficult.  
 
Figure 3.12 Examples of DNA gel issues (a and b) partially detached gels (c and d) same gel before 
(c) and after (d) edge detachment resulting in excessive horizontal spreading.  
 
The silicon oxide wafer was functionalised using 3-(trimethoxysilyl) propyl 
methacrylate (TMSPM) Figure 3.13 as described in Section 2.3.3 to form a self-
assembled monolayer.259 The pendant methacrylate groups will polymerise with the 
monomers of the pregel solution during hydrogel synthesis, thereby providing 
attachment to the wafer. In spite of this, detachment would still occur.  
 
Figure 3.13 Structure of 3-(trimethoxysilyl) propyl methacrylate (TMSPM) monolayer on silicon wafer. 
 
Visible detachment is caused by the stress and strain from hydrogel swelling 
damaging the attachment to the inflexible silicon wafer, while damage is also caused 
by the drying stress and strain for sensor storage. The potential damage caused by 




a) b) c) d) 
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hydrogel drying to xerogel are well characterised and can be related to the speed of 
solvent evaporation.316–318 Furthermore, the CNP can contribute tensile stress during 
cooling, due to differences between the thermal expansion coefficients of particle and 
polymer, and drying, due to capillary action between particles.280,281 Inspection of dry 
gels stored under vacuum exhibited fractures throughout, detachment at the gel edges 
(Figure 3.14). The fractures all appear more conductive than the surrounding area. 
Whether this is due to CNP concentration, edge effect, or both is unknown. Similarly, 
drying on a benchtop or in a fume hood greatly increased the rate of detachment 
compared to drying in the storage fridge. It was found that transferring gels into buffer 
solution after photo-initiation before drying resulted in less frequent delamination. This 
step served to facilitate continued gelation before droplet evaporation (~10 mins), 
while simultaneously washing out any loose CNP and unreacted monomers. It may be 
expected that this step would increase swelling response if structures removed were 
large enough to act as porogens.260 During drying, the salt required for DNA 
hybridisation crystallises, potentially causing further deformation.319 Hydrogel drying 
without washing is required for electrical measurements and will be discussed further 
in Section 4.3.2.  
 
Figure 3.14 (a) SEM image of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% DNA wrt AAm MIR2 
hydrogel, 0 mM NaCl, 1mM PBS. (b) SEM image of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% 
MO wrt AAm MOR2 hydrogel, 150 mM NaCl, 1mM PBS, discussed more thoroughly in Section 4.2.2. 
 
As the stress and strain causing detachment is related to the drying and swelling 
properties of the hydrogel, the effect of DNA is relevant. In particular, the charged 
backbone conveys a charged moiety to the hydrogel, increasing hydrophilicity and 
both swelling capacity and rate. The charge density of each crosslink described above 
100 μma) b) 
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is specified in Table 3.2.  No hydrogels crosslinked only with MBA exhibited issues of 
detachment, whereas ASS1 and APT1 gels most frequently delaminated. These 
effects can be mitigated by the crosslink length or addition of extra blocking strands 
as evidenced by the ASS3 crosslink. Though each crosslink example used herein 
varied both charge density and crosslink length, the effects of each individually have 
been investigated elsewhere.176,261,320 
Table 3.2 Total nucleotides per DNA crosslink, charge density at 0.4 mol% wrt AAm and crosslink 












MIR1 44 17.6 14096 79.3 8.0 
ASS1 57 22.8 17918 100.8 10.2 
ASS2 47 18.8 14826 83.4 8.4 
ASS3 59 23.6 18878 106.2 10.8 
APT1 68 27.2 21873 123.1 12.6 
APT2 44 17.6 14212 80.0 8.0 
 
As well as influencing the swelling properties of the gels, the intrinsic viscosity of DNA 
may be predicted (Equation 3.3) and increases the viscosity of the pregel 
solution.321,322 Although simple solution viscosity may be modelled, the complex pregel 
mixture has multiple interactions between solutes and would require proper 
characterisation. Increased viscosity not only retards the rate of propagation but also 
increases termination by oxygen and will therefore alter the gel network structure.323–
325 Glycerol was investigated to reduce gel shrinkage of polyacrylamide gels, improve 
DNA hybridisation and stabilise the nanoparticle dispersion.186,326 However, 
preliminary tests on gels without DNA and with 1-5 % (v/v) of glycerol appeared to 
increase CNP leaching and were not investigated further. The rate of polymerisation 
vs drying is also expected to be important to hydrogel structure and is discussed 
further in Section 4.3. 
 
[𝜂] = 3.5	 ∗ 10cd 	×	𝑀𝑊fgh>.ij	 
Equation 3.3 Mark-Houwink-type equation for estimation of intrinsic viscosity [η] of DNA crosslinks.  
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One concern with photoinitiation of a pigmented mixture is the efficiency of UV 
penetration and the consequential effect on initiation efficiency. Furthermore, 
hydroxycyclohexylphenylketone (HPK) absorbs relatively poorly in the range emitted 
by the UV lamp (280-320 nm 1.5 W/cm2, 230-395 nm 9+ W/cm2, 400-450 nm 9+ 
W/cm2) and is typically used for initiation in clear materials.327,328 A poor initiation 
efficiency, or initiation only at the droplet surface, would contribute to poor gel-wafer 
attachment and delamination as the propagating species may not reach the wafer 
attached TMSPM groups.329 Alternative photoinitiators were investigated with Alex 
Carroll during his master’s project. Bis(2,4,6-trimethylbenzoyl)-phenyl phosphine 
oxide (BAPO), typically used for white or colour pigmented coatings due to its 
absorption of longer wavelengths, may be used in combination with HPK. A water 
dispersed version of BAPO is available, however it was unavailable for testing. As 
such, HPK and BAPO were dissolved in ACN in place of the HPK in ethylene glycol 
and used to synthesis gels. Figure 3.15 shows a gel synthesised with 0.125 mol% 
HPK as before, 0.125 mol% BAPO, and a 50:50 mix of HPK and BAPO. Before 
initiation is was apparent that CNP aggregation and precipitation had increased due 
to the small amount of ACN in place of ethylene glycol. During swelling the BAPO 
sample fully washed away, the 50:50 mix mostly washed away, while the HPK gel 
remained intact. ACN is known to negatively affect free radical polymerisation330 and 
UV absorption spectra could not be obtained on pregel solutions, indicating that the 
CNP absorbs or diffracts to such an extent that only surface penetration can occur.  
 
Figure 3.15 Examples of 10 wt% AAm, 0.6 mol% MBA wrt AAm hydrogels in 150 mM NaCl, 1mM PBS. 
Gels were photoinitiated using 0.125 mol% photoinitiator in ACN (1.76% v/v) (a) HPK (b) 50:50 
HPK:BAPO (c) BAPO. Images shown were collected by Alex Carroll. 
 
Increased UV intensity was investigated by shortening the distance between the 
pregel droplet from the UV lightguide or increased UV photoinitiation duration (Figure 
3.16). In both cases no apparent benefit was observed and increased or complete 
drying of the droplets during photoinitiation due to elevated temperatures (Table 3.1). 
a) b) c) 
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Photoinitiation at 2.2” was continued due to concerns of DNA crosslink thermal 
dehybridisation. Smaller pregel droplets would require less UV penetration for 
consistent photoinitiation, as well as increasing the surface area to volume ratio which 
should reduce gel detachment. Computer controlled deposition techniques such as 
drop-on-demand inkjet printing (Chapter 5) would be required to facilitate smaller 
volumes as hand pipetted volumes are limited by both pipette size and placement 
accuracy (Section 3.5.1).  
  
Figure 3.16 Illustration of UV photoinitiation procedure including UV initiation distance. Not to scale.  
 
Table 3.3 Maximum temperature of silicon wafer during 60 seconds of UV exposure. 
Distance 2.2" 1.8" 1.5" 1.2" 1" 0.4" 0.3" 0.0” 
Temperature (±1.5 °C) 26.5 32.4 34.9 38.7 40.2 45.2 52.9 68.9 
 
Due to issues with photoinitiation, alternative initiation methods were investigated. 
Ammonium persulfate (APS) is a redox initiator commonly used for polyacrylamide 
synthesis. Although APS can be thermally initiated, use of an accelerator, 
tetramethylethylenediamine (TEMED), enables synthesis at room temperature. Due 
to the DNA crosslink thermal stability only room temperature syntheses were 
investigated. Attempted synthesis with 0.125 mol% APS and 0.85 mol% TEMED was 
unsuccessful, most likely due to inhibition by oxygen. Higher concentrations of APS 
(1.25 mol%) and TEMED (8.5 mol%) did trigger gelation, however inefficient mixing 
made synthesis impractical for hand pipetting as only partial gelation was achieved in 
a localised area. Controlled deposition and mixing were achieved using drop-on-
demand inkjet printing discussed in Chapter 5. 




Figure 3.17 Examples of 10 wt% AAm, 0.6 mol% MBA wrt AAm hydrogels in 150 mM NaCl, 1mM PBS 
after 1 hour of swelling in buffer. Gels were thermally initiated at 37 °C using (a) 0.125 mol% (b) 0.0625 
mol% V-70 in ACN (1.76% v/v). Images shown were collected by Alex Carroll. 
 
As mentioned previously, the thermal initiation of APS would dehybridise the DNA 
crosslinks, however 2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70) is a 
radical initiator with a self-accelerating decomposition temperature of 30 °C, although 
the half-life at 30 °C is still 10 hours.331 V-70 was dissolved in ACN as it is insoluble in 
water and hydrogels synthesised with 0.0625 or 0.125 mol% in an incubator at 37 °C. 
As V-70 is a type II initiator, in that it forms 2 radical species, these are therefore 0.125 
and 0.25 mol% in terms of radicals formed. The resulting hydrogels were swollen in 1 
mM PBS and 150 mM NaCl, shown after 1 hr in Figure 3.17. Upon immersion in buffer, 
the flakes of hydrogel began to detach leaving only the thin layer visible. SEM images 
of a V-70 initiated gel exhibited a mosaic of large cracks separating small flakes of gel 
which appear unattached to each other (Figure 3.18). This cracking is likely caused by 
the rapidity and extent of droplet dehydration at 37 °C. Humidity control may be used 
to slow droplet evaporation and synthesise an appropriately robust hydrogel but the 
required equipment was unavailable. 
 
 
Figure 3.18 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA wrt AAm hydrogels in 150 mM NaCl, 
1mM PBS 0.125 mol% V-70 gel thermally initiated at 37 °C.  
a) b) 
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3.3 Optimised miR92a Sequence Detection 
 
In an attempt to alleviate the effect of nucleotide density on detachment the MIR1 
crosslink was redesigned (MIR2). Using learnings from the APT and ASS crosslinks, 
the 10 nt tail at the 5’ end of the blocker strand was removed, whilst maintaining the 
same 12 nt crosslinking hybridisation with the sensing strand (Figure 3.19). The 
removal of 10 anionic charges per crosslink resulted in a 23% reduction in charge 
density and a theoretical crosslink length reduction of 3.4 nm. After preliminary testing 
confirmed differential swelling in response to analyte, the kinetic tests and analysis 
reported here were carried out by Alex Carroll as the basis for his master’s project. 
 
Figure 3.19 (a) The sequences and length of the MIR2 crosslink tethered in polymer at the 5’ ends. 
Blocker sequence is 10 nt shorter than MIR1. (b) Displacement of the MIR2 blocker strand by the 
analyte strand to break the crosslink. 
 
Figure 3.20 compares the swelling kinetics of MIR2 crosslinked hydrogels to MIR1 
crosslinked hydrogels (10 wt% AAm, 0.6 mol% MBA, 0.4 mol% oligonucleotide 
crosslink wrt AAm) in either analyte or random sequence solutions (10 µM). The MIR2 
gels included 2 wt% CNP rather than 1 wt% to be compared to the electrical 
transduction discussed in Chapter 4. Although this is expected to affect initiation 
efficiency, polymerisation efficiency and porosity, the comparison remains 
worthwhile.235,323,329,332 In both cases swelling in analyte results in a larger volume than 
in the R solutions, with the rate of swelling and difference in final volume between A 
and R similar for both MIR1 (42 %) and MIR2 crosslinked gels (43 %). The specificity 
and LoD of MIR2 crosslinked gels were not tested but can be assumed to be similar 
to the capabilities of MIR1. 
a) 
b) 




Figure 3.20 Comparison of swelling kinetics of MIR1 (circles, 1 wt% CNP) and MIR2 (diamonds, 2 wt% 
CNP) crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% DNA crosslinks (wrt AAm) 
in 10 µM analyte (red, A) or 10 µM random (blue, R), 150 mM NaCl, 1 mM PBS.  MIR1 data shown was 
collected and analysed by Dr Ferrier, MIR2 data shown was collected and analysed by Alex Carroll. ∆% 
and standard error of the mean calculated using equations 3.2a and b (n = 3). 
 
Increased covalent crosslinker density was investigated in order to further reduce the 
detachment frequency. Although previous optimisation by Dr David Ferrier showed 
MBA concentrations greater than 1.0 mol% had little to no effect on hydrogel volume, 
this optimisation was on gels containing no CNP and no DNA.81 As swelling capacity 
and hydrogel network microstructure will be affected by the charge density conveyed 
by the DNA crosslinks,250 while photoinitiation and propagation rates will also be 
reduced by particles and pigmentation,329 optimisation with DNA was required. As 
such, the swelling response of DNA crosslinked hydrogels were investigated as before 
in 10 µM solutions of analyte or random with MBA concentrations of 1.0 and 1.5 mol% 
and 0.4 mol% DNA wrt AAm. The kinetic swelling with each MBA concentration is 
shown Figure 3.21 while the final swollen volume at 60 minutes, and the rate of 
detachment are summarised in Figure 3.21d.  




Figure 3.21 Comparison of swelling kinetics of MIR2 crosslinked hydrogels with 10 wt% AAm, 0.6-1.5 
mol% MBA and 0.4 mol% DNA crosslinks (wrt AAm) and 2 wt% CNP in 10 µM analyte (red, A) or 10 
µM random (blue, R), 150 mM NaCl, 1 mM PBS. (a) 0.6 mol% MBA (diamonds) (b) 1.0 mol% MBA 
(triangles) (c) 1.5 mol% MBA (circles) (d) Compares the end point swollen volumes at 60 minutes and 
the gel detachment rate of gels. Data shown was collected and analysed by Alex Carroll. ∆% and 
standard error of the mean calculated using equations 3.2a and b (n = 3). 
 
The difference in extent of swelling in response to analyte and random sequences and 
differentiation between the two solutions was reduced as MBA concentration 
increased, with differentiation is no longer possible at 1.5 mol% MBA. Similarly, the 
rate of swelling in both analyte and random solutions reduced as MBA increased from 
0.6 to 1.0 mol% MBA, taking approximately 18 minutes and 26 minutes respectively 
to reach 90% of the maximum volumes. The 1.5 mol% MBA gels reached maximum 
volume faster (17 minutes to 90% in analyte, 12 minutes in random). Generally, 
increased crosslink density would reduce gel volume and swelling,333 yet the swollen 
volume in the random solution instead increased with MBA concentration. This may 
be an artefact of the UV photo-initiation process, whereby the top layer of the 
pigmented pregel droplet could polymerise most efficiently forming a polymer of 
greater density and crosslinking at the surface. At higher crosslink loadings the surface 
a) b) 
c) d) 
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of the pregel droplet may form a more elastic network better able to reswell to the 
original deposited size and shape.334,335 Alternatively, this may be caused by 
inaccuracies during synthesis (discussed more thoroughly in Section 3.5.2). Figure 
3.21d also compared the crosslink concentration to detachment rate and found that, 
although the DNA crosslink design change resulted in fewer detachments than MIR1 
crosslinked gels (~40 %), increasing MBA crosslink concentration led to more gel 
detachments, likely due to the gel drying causing more fracturing to gels with more 
rigidity. 
Similarly, 20 wt% AAm gels with 0.6 and 1.0 mol% wrt AAm and 0.4 mol% DNA wrt 
AAm were investigated as an alternative method to reduce detachment and improve 
gel integrity (Figure 3.22). Although both the 20 wt% AAm compositions reduced 
detachment issues, there was also no clear differential swelling between analyte or 
random solutions and the effect of crosslink reduction would be reduced by the 
increased polymer density. The 20 wt% AAm gels also had a greater swelling capacity 
than the 10 wt% AAm gels due to the increase in swellable material, which did not 
reach the maximum swollen volume within 60 minutes as the diffusion of solution and 
expansion of the gel would both be retarded by increased network density. Although 
differentiation may increase over longer swelling times point-of-care testing would be 
far less than 60 minutes. The LoD would also be expected to be worse, although not 
investigated here. While 0.6 mol% MBA gels had a marginally larger response to the 
analyte solution than random, smaller measurable change in response is rarely a 
benefit and the errors from synthesis and measurement are too large to assess reliably 
using this optical transduction method. These results in the context of electrical 
transduction are discussed further in Section 4.1.1. 
 




Figure 3.22 Comparison of swelling kinetics of MIR2 crosslinked hydrogels with 20 wt% AAm, 0.6 or 
1.0 mol% MBA and 0.4 mol% DNA crosslinks (wrt AAm) and 2 wt% CNP in 10 µM analyte (red, A) or 
10 µM random (blue, R), 150 mM NaCl, 1 mM PBS. (a) 0.6 mol% MBA (diamonds) (b) 1.0 mol% MBA 
(triangles). Data shown was collected and analysed by Alex Carroll. ∆% and standard error of the mean 
calculated using equations 3.2a and b (n = 3). 
 
In an effort to increase the differential swelling response 10 wt% AAm gels were 
synthesised with equimolar 0.6 mol% MBA and MIR2 DNA as the greater change in 
crosslink density when the DNA crosslinks are broken should result in a larger 
difference in swollen volumes (Figure 3.23). However, as discussed in Section 3.2.2, 
gel integrity was compromised by the increased DNA concentration, despite the 23% 
nt reduction compared to MIR1, the total nt content of 0.6 mol% MIR2 would be 16% 
greater. As Stokke et al. reported UV photoinitiated 10 wt% AAm gels with 0.6 mol% 
MBA and 0.7 mol% DNA wrt AAm gels using a crosslink with a total of 40 nt, it can be 
surmised that the gel synthesis protocol remains an issue. 
 
Figure 3.23 Example of 10 wt% AAm, 0.6 mol% MBA, 0.6 mol% DNA wrt AAm hydrogel after 60 
minutes swelling in 10 µM random solution (150 mM NaCl, 1mM PBS) exhibiting lack of gel integrity 
and excessive CNP leaching. Image shown was collected by Alex Crroll. 
 
Composition optimisation indicated that for optical transduction the 10 wt% AAm, 0.6 
mol% MBA with 0.4 mol% DNA wrt AAm was optimal for the greatest differential 
response swelling in analyte. The sensitivity of this crosslink was not investigated due 
a) b) 
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to material shortage but may be assumed to be comparable to that of MIR1 gels. The 
reduced detachment and investigation of these compositions for electrical 
transduction is discussed in Chapter 4.  
 
3.4 Morpholino Oligonucleotide Crosslinked Hydrogels 
 
3.4.1 DNA Analogues in Hydrogels 
 
Having identified a number of challenges when using DNA crosslinks for optical 
transduction, as well as further challenges in using DNA crosslinks in electrical 
transduction discussed in Chapter 4, it became apparent that DNA crosslinks may not 
be fit for purpose. In particular, there were concerns of crosslink thermal 
dehybridisation, while gel detachment resulted in wasted material. For electrical 
transduction; DNA interaction with CNP, CNP dispersion instability and the 
requirement of salt preventing the use of electrostatic dispersions were extremely 
problematic. 
One way to overcome the challenges of DNA crosslinks is to use synthesised nucleic 
acid analogues which maintain the base structure to maintain base-pairing and modify 
the backbone structure of DNA in an effort to strengthen hybridisation and/or grant 
immunity to nuclease activity. Examples of these include glycol nucleic acid (GNA), 
threose nucleic acid (TNA), locked nucleic acids (LNA), bridged nucleic acids (BNA), 
which utilise phosphodiester linked backbones and require cations for hybridisation to 
occur, while nuclease resistant phosphorothioate-linked DNA (S-DNA) also requires 
cations.196,199 These would not be applicable due to the aforementioned salt 
crystallisation damage in dried gels and considerations of electrostatic dispersions use 
for stable pregel solutions (Section 4.3.1). The absence of salt during testing would 
also disrupt any secondary structures of analyte oligonucleotides. Peptide nucleic acid 
(PNA) and morpholino oligonucleotides (MOs) (Figure 3.24), utilising 
phosphorodiamidate and methylene bridged amide backbones respectively, are the 
only examples of non-ionic DNA analogues that maintain relatively high aqueous 
solubilities.194 




Figure 3.24 Structure of (a) Morpholino oligonucleotides (b) peptide nucleic acid (PNA) where B is any 
of the nucleobases adenine (A), cytosine (C), guanine (G) or thymine (T). 
 
Many of the benefits of MOs and PNAs over DNA relate to nuclease-resistance, lack 
of biological macromolecule binding and applications in vivo as antisense oligos and 
are not relevant to in vitro diagnostic applications. Nuclease-resistance may prove 
beneficial in a biosensor application, depending on the test sample nature and 
preparation, but is not investigated here. As there is no electrostatic repulsion of MO 
or PNA to DNA or RNA, the uncharged backbone both facilitates hybridisation in non-
saline solutions and improves the binding affinity. The lack of electrostatic repulsion 
does increase the risk of self-hybridisation which would be problematic with some 
miRNA sequences. As the nucleobase structure is unchanged, it is expected that 
either MO or PNA crosslinked hydrogels would offer the same adaptability as DNA 
crosslinks for detection of different miRNA or sRNA sequences. Aptamers can be 
made using PNA,336,337 while MO may also be expected to reproduce a number of 
DNA aptamer structures, although aptamer folding may be hindered and aptamer 
structures reliant on electrostatic attraction would be unlikely to function if reproduced 
in PNA or MO. Although PNA exhibits a higher RNA binding strength than MOs, the 
MO backbone is less flexible as it has fewer rotational bonds and is therefore less 
liable to suffer from self-hybridisation if the required sensing or blocking strand 
sequences require some self-complementarity. Furthermore, PNAs have already used 
in hydrogels, albeit using PNA-DNA “hybrid” crosslinks rather than PNA-PNA and 
through crosslink formation after synthesis,338 whereas the properties of MOs as 
biosensors have only been assessed in electrochemical studies and 
microarrays.212,218,339,340 
a) b) 
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3.4.2 miR92a Sequence Detection 
 
Preliminary proof-of-concept testing was conducted synthesising MO crosslinked 
hydrogels (MOCHs) using the MIR1 crosslink sequence. Polymerisable acrylate 
functionalisation was developed by Dr Jaclyn Raeburn, reacting the purchased 
primary amine modification on each MO strand with N-succinimidyl acrylate (NSA) to 
form an amide bond with a vinyl end group. However, this required polymer attachment 
at the 3’ end (MOR1) resulting in a crosslink almost half the length (7.16 nm rather 
than 13.96 nm) shown in Figure 3.25.  
 
   
Figure 3.25 (a) The sequences and length of the MOR1 crosslink tethered in polymer at the 3’ ends. 
Sequence is identical to MIR1 which tethered in polymer at 5’ ends. (b) Displacement of the MOR1 
blocker strand by the analyte strand to break the crosslink. (c) Structure of the 3’ acrylate 




















Figure 3.26 Comparison of swelling kinetics of MIR1 (circles) and MOR1 (diamonds) crosslinked 
hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% DNA/MO  crosslinks (wrt AAm) with 1 wt% 
CNP in 10 nM (red) or 100 pM (yellow) analyte or 10 µM random (blue) in 150 mM NaCl, 1 mM PBS.  
MIR1 data shown was collected and analysed by Dr Ferrier. ∆% and standard error of the mean 
calculated using equations 3.2a and b (MOR1 n = 3, MIR1 n = 5). 
 
Comparison of swelling hydrogels crosslinked with MIR1 and MOR1 are shown in 
Figure 3.26. Much like the MIR2 crosslink, the reduction in crosslink length and the 
removal of charge density resulted in a lower swelling response to the random solution 
and although the MOR1 gels continue swelling after 60 minutes, there is clear 
differentiation between 100 pM analyte solution and 10 µM random solution, a 100-
fold increase in sensitivity over the 10 nM LoD for MIR1. It is expected that this is 
facilitated by the increased affinity for DNA enabled by the lack of electrostatic 
repulsion from the MO backbone and that the binding of DNA from solution adding 
tethered charge density to the gels may also facilitate swelling.261  





Figure 3.27 (a) The sequences, and length of the MOR2 crosslink tethered in polymer at the 5’ ends. 
Crosslink is identical to MIR2. (b) Displacement of the MOR2 blocker strand by the analyte strand to 
break the crosslink. (c) Structure of the 5’ acrylate functionalisation used for MOR2. 
 
Subsequently, the MIR2 crosslink was synthesised with 5’ modified MO strands 
(MOR2) shown in Figure 3.27. Despite the longer linker between MO and acrylate 
group, this structure is far more comparable to the 5’ functionalised DNA crosslink 



































Figure 3.28 Comparison of swollen volume at 60 minutes to test MOR1 (left, solid) or MOR2 (right, 
dotted) crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% MO crosslinks (wrt AAm) 
in 100 pM A1 (red) or 10 µM – 100 pM R1 (blue), 150 mM NaCl, 1 mM PBS. ∆% and standard error of 
the mean calculated using equations 3.2a and b (n = 3). 
 
Comparison of swelling response of MOR1 and MOR2 crosslinked resulted in the 
same LoD (100 pM) and comparable swelling with MOR2 crosslinked gels swelling 
slightly more than MOR1, possible due to the marginal increase in crosslink length or 
synthesis errors (Figure 3.28). More thorough testing was achieved on MOR2 
crosslinked hydrogels due to material availability. This included swelling in a wider 
variety of concentrations of R1 solutions (1 µM – 10 pM) which identified that a greater 
differentiation is achieved when comparing identical concentrations of analyte and 
random solutions, as well as some concentration dependent responsivity (Figure 
3.29). 
 




Figure 3.29 Comparison of swelling kinetics of (a) MIR2 (diamonds) or MOR2 (circles) crosslinked 
hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% DNA/MO crosslinks (wrt AAm) and 1 wt% 
CNP in 10 – 1 µM analyte (red) or random (blue), 150 mM NaCl, 1 mM PBS. (b) MOR2 crosslinked 
hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 wt% CNP 
in 100 – 10 pM analyte (red, diamonds), 100 – 10 pM random (blue, circles) or buffer only (black, 
circles), 150 mM NaCl, 1 mM PBS. MIR2 data shown was collected and analysed by Alex Carroll. ∆% 
and standard error of the mean calculated using equations 3.2a and b (n = 3). 
 
The response rate of MOR2 gels is slower than DNA gels as earliest differentiation is 
only possible at 10 minutes while swelling also continues beyond 60 minutes. This is 
most likely due to an increased gel density and decrease in hydrophilicity due to the 
reduction in charge density as well as the stronger crosslink hybridisation being slower 
to be displaced. The equivalent crosslinks of MIR2 and MOR2 swell to the same 
swollen volume after 60 minutes in analyte solution, and the MOR2 gels exhibited 
greater swelling in a random solution. This may be attributed to improved gel integrity, 
the effect of solution DNA being tethered by the unhybridized segment of sensor 
strand, or simply that data was collected and analysed by different users. The MOR2 
crosslinked gels remained sensitive and selective at 100 pM and unable to differentiate 
between 10 pM solutions within 60 minutes, with the MIR2 crosslink not tested for LoD, 
it is assumed that it would be similar to the 10 nM LoD of MIR1 crosslinked gels. 
a) b) 




Figure 3.30 Comparison of (a) swelling kinetics of MOR2 (circles) crosslinked hydrogels with 10 wt% 
AAm, 0.6 mol% MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 wt% CNP in 1 µM – 1 nM analyte 
(blue, diamonds) or random (green, diamonds), 150 mM NaCl, 1 mM PBS. (b) swelling rates of MOR2 
crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 
wt% CNP in 1 µM – 1 nM (red, diamonds), 1 µM – 1 nM random (blue, circles) or buffer only (black, 
circles), 150 mM NaCl, 1 mM PBS. The maximum average swollen volume within 60 minutes of swelling 
was used to calculate the swelling %. ∆% and standard error of the mean calculated using equations 
3.2a and b (n = 3). 
 
The swelling profile of MOR2 gels remained consistent at each concentration of 
analyte or random (Figure 3.30a). Although swelling did not reach the maximum 
swollen volume within 60 minutes, the rate of swelling to the maximum volume within 
60 minutes was the same for all concentrations tested, including buffer only (Figure 
3.30b). Stokke et al. identified three key steps in sensor response of their similar 
material: 
1) Diffusion of DNA from solution into the gel to reach the crosslink.  
2) Displacement of the blocking strand by the analyte DNA.  
3) Swelling of the gel network.  
They showed that in their system the rate determining step is the displacement of the 
blocking strand by the analyte DNA through fluorescent experiments, compared to 
changes in ionic strength and calculations of DNA diffusion rates.259,260 However, in 
the system used here gels are swollen from their dried state which causes a faster 
initial swelling due to rehydration.238,341–343 The swelling of the gel network remains the 
a) b) 
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rate determining step rather than diffusion of DNA or displacement of the blocking 
strand, as shown by the identical swelling rate in DNA solutions and buffer solution. 
The concentration dependent responsivity, whereby oversaturation with a high R1 
solution generates a response indistinguishable from a lower concentration of A1 
(Figure 3.31a), may be due to the competitive displacement of the MO crosslinks by a 
sequence with lower affinity but higher concentration. The swelling response must also 
in part due to the tethering or localisation of DNA from solution to the MO strands. As 
the gels are uncharged the hydrophilicity of the hydrogel is lower than in DNA 
crosslinked hydrogels. Each DNA strand that becomes tethered would add 22 
phosphate groups equating to 8.8 mol% charge density. If the blocker strand has been 
displaced, it is likely that it could also hybridize with a DNA strand from solution which 
would double the tethered charge density to 44 phosphate groups per MO crosslink, 
equating to 17.6 mol% charge density. This localized tethering of charge DNA 
sequences within the MOCHs is believed to cause the concentration dependent 
increase rate of swelling exhibited at concentrations of 100 pM and above, whereas 
at concentrations below this the response to the R1 sequence is indistinguishable from 
swelling in buffer alone. Although this charge density increase would occur in DNA 
gels also, the effect on swelling will be greater increasing from 0 mol% than from 
already anionic gels. 
 
 
Figure 3.31 Comparison of (a) Swollen volume of MOR2 crosslinked gels with 10 wt% AAm, 0.6 mol% 
MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 wt% CNP at 60 minutes in A1 (solid red) or R1 
(dotted blue) at 10 pM – 1 µM or buffer (150 mM NaCl, 1 mM PBS). (b) Swollen volume at 60 minutes 
to test mismatch response, at 100 pM or A1, R1, AMM1, AMM5 and buffer (150 mM NaCl, 1 mM PBS). ∆% 
and standard error of the mean calculated using equations 3.2a and b (n = 3). 
a) b) 
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As DNA crosslinks had shown high sequence fidelity,81,259 able to differentiate 
between a full sequence match and a sequence with one or more mismatches, MOR2 
crosslinked gels were swollen with sequences AMM1 and AMM5 (identical to A1 but with 
1 and 5 mismatches respectively). Figure 3.31b details the swelling of MOCHs in 100 
pM solutions of AMM1 and AMM5 compared to swelling in buffer only, A1 or R1. Unlike 
the MIR1 DNA gel data obtained by Dr David Ferrier, MOR2 gels showed some 
increased swelling with partial matches, however this is logical and supported by 
results reported by Stokke et al. The greatest response is to A1, with decreasing 
swelling in AMM1, AMM5, R1 and finally buffer. As before, this is likely due to the 
thermodynamic favourability of displacement, whereby S1 has the strongest 
hybridization with so B1 is most rapidly displaced by A1, then AMM1, AMM5, R1 and is 
not displaced in buffer only. The competitive displacement is quantifiable and could be 
accounted for during analysis and design to achieve quantitative sensing.169,176,344  
 
 
Figure 3.32 Comparison of 1 µL gels synthesised with MOR2 sensor strand only with 10 wt% AAm, 0.6 
mol% MBA and 0.4 mol% MO (wrt AAm) and 1 wt% CNP in 0 mM NaCl, 1 mM PBS in 100 pM A1 
(diamond, red) or R1 (circle, blue). ∆% and standard error of the mean calculated using equations 3.2a 
and b (n = 3). 
 
To investigate the effects of DNA tethering, hydrogels were synthesised with only 
sensing strands (S1) and swollen in 100 pM analyte and random solutions (Figure 
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3.32). The swelling response in either solution was greater than those with MO 
crosslinks as the crosslink concentration was lower. There was no clear difference in 
response to analyte or random solutions, as either would be expected to hybridise with 
the sensing strand if no blocking strand were present. It would be expected that the 
hybridisation of analyte sequence to sensing strand would occur more rapidly than 
that of random sequence to sensing strand, however this is likely too small a difference 
to be detected in this system and would have to be investigated using UV spectroscopy 
or fluorescence. 
 
3.4.3 Salt Sensitivity and Thermal Stability of MOCHs 
 
As described previously, salt is required for DNA hybridisation to shield the charges of 
the phosphate groups in the backbone and prevent backbone repulsion between 
strands.183 This salt causes damage during drying as it crystallises and limits the 
synthetic conditions available for DNA crosslinked systems.319 MO-DNA hybridization 
has been shown to be possible with minimal salt present as the phosphate groups are 
replaced with uncharged phosphorodiamidate groups.194 MO-MO interactions were 
therefore expected to be possible without salt. Figure 3.33 shows the effect of altering 
the NaCl concentration (0-300 mM) in solution on MOCHs (2 µL) synthesized with no 
salt.  
  





Figure 3.33 Comparison of swelling kinetics of MOR2 crosslinked hydrogels with 10 wt% AAm, 0.6 
mol% MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 wt% CNP synthesised in 0 mM NaCl, 1 mM 
PBS swollen in 1 µM analyte (diamonds) or random (circles), 0 - 300 mM NaCl, 1 mM PBS. (a) Shows 
data with error bars showing standard error of the mean. (b) Shows data without error bars for improved 
clarity. ∆% and standard error of the mean calculated using equations 3.2a and b (n = 3). 
 
As expected, gels synthesized without NaCl retain their sensing capability, indicating 
that the MO crosslinks remain intact. At each salt concentration, there is a clear 
differentiation and increase in swelling in A1 over R1. The greatest swelling response 
to both A1 and R1 occurred without NaCl. This is expected to be both due to the 
increased hydrophilicity and motility of DNA and that all charges from DNA strands 
that become tethered through interactions with S1 or B1 being unshielded. Above 50 
mM the swelling response to both A1 and R1 are lowered. MOCHs offer a solution to 
salt sensitivity challenges of the anionic DNA crosslinked gels. Although salt is plentiful 
in human serum, removal is possible using simple methods, such as magnetic beads 
that can be used as part of an extraction protocol and would prevent any self-
complementarity induced hairpin or self-dimerization that may occur with other miRNA 
sequences.345 Removing salt during synthesis also enables the use of electrostatic 
additives that can otherwise aggregate and precipitate in the presence of counter ions, 
discussed further in Chapter 5.  
  
a) b) 
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Table 3.4 Predicted Tm of DNA or MO crosslinks and of sensor sequence interaction with test 
sequences used in Table 1. DNA-DNA crosslink calculated at 150 mM NaCl using Nearest Neighbor 
calculations.168 MO-RNA interactions calculated and supplied by GeneTools. MO-MO interaction 
calculated using Equation 3.4. Crosslink displacement estimated by subtracting crosslink strength from 
sensor strand interaction with a given sequence. 
Sensor Strand Hybridisation Strand Tm (°C) ΔTm (°C) 
MIR2 Blocker 33  
MIR2 Analyte 66 33 
MIR2 Random 18 -15 
MOR2 Blocker (RNA) 66  
MOR2 Blocker (MO) 38  
MOR2 Analyte (RNA) 86 20RNA / 48MO 
MIR2 AMM1 65 33 
MIR2 AMM5 57 25 
 
The use of DNA analogues with enhanced hybridisation strength is beneficial when 
targeting short sequences like miRNA. When the analyte sequence is only ~22 nts 
long, the blocker sequence must be long enough to be stable at room temperature 
and during synthesis, but not so strong that displacement is excessively slow. The use 
of more stable, high-GC, crosslinks is not always possible as the crosslink sequence 
will be dependent on the target sequence. Although blocking strand displacement is 
not the rate determining step when swelling dried gels here, the rate of displacement 
is the rate determining step in other systems.259 Due to the lack of phosphate-
backbone repulsion, MO-DNA interactions have a higher Tm than DNA-DNA, and 
similarly MO-MO interactions are expected to be equivalent or higher again. Table 3.4 
shows the predicted thermal stability of the MOR2 crosslink compared to MIR2.  The 
MO Tm was provided by Gene-Tools and is a prediction of MO-RNA hybridisation. 
Predicted MO-MO hybridisation of the sensing and blocking strand was calculated 
using Equation 3.4, though this is far less established than DNA predictive 
calculations.204,294 
 




𝑻𝒎 = 𝟏. 𝟗	 ×	(𝑨 + 𝑻) + 𝟓. 𝟕	 ×	(𝑮 + 𝑪)	 
Equation 3.4 Predicted MO-MO Tm in °C where A, T, G and C are the number of each respective 
nucleobase in the blocker strand sequence. 
 
Figure 3.34 shows gel stability at or below 45 °C and apparent crosslink 
dehybridisation at 55 °C and above. This is a great improvement over MIR1 
crosslinked gels, which exhibited elevated swelling at 25 °C and above. Although this 
does not fit either predicted MOR2 crosslink Tm (38 or 66 °C), predictions are never 
wholly accurate and are for oligonucleotides in solution. The crosslink will be affected 
by the incorporation into the gel, whereby the kinetic strain of swelling will influence 
crosslink breaking.346,347 The importance of this temperature study is significant, as 
there is the possibility of a false positive result being obtained from a DNA crosslinked 
hydrogel due thermal dehybridisation at elevated temperatures. Furthermore, thermal 
stability will be vital to the manufacturing, storage and transportation of a developed 
sensor and can be used to reduce response time.259 
 
 
Figure 3.34 Thermal stability of MOR2 crosslinked gels with 10 wt% AAm, 0.6 mol% MBA and 0.4 
mol% MO crosslinks (wrt AAm) and 1 wt% CNP prepared and then swollen in 0 NaCl, 1 mM PBS for 
60 minutes at 20 – 65 °C. ∆% and standard error of the mean calculated using equations 3.2a and b (n 
= 3). 
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3.4.4 Optimised miR92a Detection and Portability Exemplification 
 
The optical means of volume measurement used in this work is relatively basic. Were 
these MO functionalised polymers to be applied to biosensing, using a more sensitive 
transduction mechanism, may further increase sensitivity and would be the likely basis 
of a sensor technology built from MOCHs, ideally able to assess an array of gels 
simultaneously. A simple method to improve sensitivity would be to reduce the volume 
of material, thereby reducing the number of MO crosslinks required to break to achieve 
a measurable response. To investigate this, the hydrogel volume was reduced from 2 
to 1 µL and the synthesis and swelling conducted with no NaCl as previously shown 
to maximum the swelling response by theoretically maximizing any charge related 
swelling from DNA binding (Figure 3.35).  
 
 
Figure 3.35 Comparison of swelling kinetics of 1 µL MOR2 crosslinked hydrogels with 10 wt% AAm, 
0.6 mol% MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 wt% CNP synthesised in 0 mM NaCl, 1 
mM PBS swollen in 1 – 100 pM analyte (diamonds), random (circles) or buffer only (black circles) 0 
mM NaCl, 1 mM PBS. ∆% and standard error of the mean calculated using equations 3.2a and b (n = 
3). 
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The LoD of the 1 µL no NaCl system was 10 pM, a 10-fold improvement over the 2 µL 
150 mM NaCl system and a 1000-fold improvement over the original MIR1 system. As 
the swelling profile and difference in the % volume change was similar to that of the 
larger gels (2 µL) without salt swollen in 1 µM analyte and random solutions, a similar 
signal reduction at higher NaCl concentrations could be expected. Further reduction 
in volume is expected to further improve sensitivity but requires development of 
different deposition (i.e. inkjet printing) or more sensitive and precise transduction 
methods. 
It is worth noting that the LoD is obtained using 5 mL solutions as required for accurate 
optical measurement. Ideally this volume would be reduced for improved practicality. 
A 1 µL gel prepared as described would have 5.6 nmol of MO crosslinks, assuming 
100% conversion, while a 5 mL solution of 10 pM analyte would have 50 fmol of DNA 
strands. The ratio of solution DNA to crosslinks in shown in Table 3.5. 
Table 3.5 The number of analyte or random moles in a 5 mL solution and the ratio compared to the moles of 
either 1 or 2 µl gels. The ratio of the LoD of MIR1 gels is underlined, while the ratio of the LoD for 
MOR2 gels is underlined and bold. 
Concentration DNA (mol) DNA : 1 µL gel DNA : 2 µL gel 
10 µM 5 × 10-8 8.9 × 100 4.4 × 100 
1 µM 5 × 10-9 8.9 × 10-1 4.4 × 10-1 
100 nM 5 × 10-10 8.9 × 10-2 4.4 × 10-2 
10 nM 5 × 10-11 8.9 × 10-3 4.4 × 10-3 
1 nM 5 × 10-12 8.9 × 10-4 4.4 × 10-4 
100 pM 5 × 10-13 8.9 × 10-5 4.4 × 10-5 
10 pM 5 × 10-14 8.9 × 10-6 4.4 × 10-6 
1 pM 5 × 10-15 8.9 × 10-7 4.4 × 10-7 
 
The number of crosslinks based on 100% conversion is realistically an overestimation 
and crosslinks in more porous locations will not only have a larger influence on gel 
swelling capabilities but will also be the most readily accessible crosslinks for DNA 
Chapter 3. Oligonucleotide Crosslinked Hydrogels  
 
102 
strands in solution. As such, not all of the crosslinks are expected to be broken to 
reach the critical change in swelling that is detectable within 60 minutes.  
A simplified gel analysis to exhibit the potential portability and accessibility of MOCHs 
was developed using basic mobile technology. Single point swelling assessment was 
conducted using a smartphone with a rudimentary magnifier attachment and free 
image processing software (Figure 3.36). 
 
 
Figure 3.36 Illustration of portable gel analysis using mobile phone camera with a microscope magnifier 
attachment (x30 zoom) and cloud storage for data transfer to a laptop with appropriate image analysis 
software, in this case Digimizer348. Not to scale. 
 
A typical cropped and analysed image of 1 µL MOCHs swollen in 10 pM A1 or R1 for 
30 minutes is shown in Figure 3.37a. Image analysis yields only the gel area (mm2) 
rather than a calculation of gel volume, yet suffices for differentiation between A1 and 
R1 solutions. Consistent vertical and horizontal sample positioning is essential, yet the 
use of smartphone facilitates rapid data gathering and development of bespoke 
software may be used to automate and increase the rate of analysis. While further 
refinement is required to improve the reliability and accuracy of the processing, this 
portable method suffices for outreach or demonstration of oligonucleotide sequence 
detection using MOCHs. 




Figure 3.37 (a) Analysed images of 1 µL MOR2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA and 0.4 mol% MO crosslinks (wrt AAm) and 1 wt% CNP synthesised in 0 mM NaCl, 1 mM PBS 
swollen in 10 pM analyte (A1, top) or random (R1, bottom) in 0 mM NaCl, 1 mM PBS. Analysis 
conducted in Digimizer348 (b) Swollen area at 30 minutes in A1 or R1 (10 pM) from mobile images. 
Standard error of the mean calculated using equations 3.2b (n = 3). 
 
Simple improvements to the imaging and analysis process may improve reliability. For 
example, a mount engineered to hold each silicon wafer in position and a 
corresponding camera mount able to maintain the relative camera position would 
improve the sampling speed. Use of bespoke software could further improve analysis, 
calculating volume rather than area. In this case the software was chosen as the 
mobile phone image compression could not be accessed in the bespoke software 
used throughout this thesis, with the added benefit of being free software. Automated 
image transfer and analysis could be developed but would only be useful for 
demonstrative purposes.  
 
3.4.5 Errors and Accuracy 
 
Throughout the presented optical data error bars have shown the standard error of the 
mean. With the exception of APT1 and APT2 kinetic swelling, where measurement 
was disrupted by particulates in the swelling solution, the errors have predominantly 
been from inaccuracies and gel-to-gel variation introduced during synthesis. The 
largest SEM in each case is always during the early stages of swelling as this is when 
the greatest rate of swelling is occurs, so any differences are accentuated. As well as 
this, early time points were used to ensure gels were appropriately in focus, meaning 
a) b) 
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some added variation in image quality will affect these measurements (typically at 
most 1 minute). 
The pregel droplet deposition conducted using a P2 micropipette, the systematic error 
of which is ± 0.03 µL when pipetting 2 µL, equating only ± 1.5 % volume change. The 
viscosity noted in particular when pipetting crosslinks with higher nt content could 
result in a thin residual film on the inside wall of the tip, which, despite pre-rinsing or 
reverse pipetting, would results in lower accuracy and precision. Furthermore, the 
mixture of CNP within the pregel solution was not a stable dispersion and would begin 
to aggregate and precipitate as soon as agitation ceased. The depth and speed of 
pipetting from the pregel solution would therefore to some degree vary the 
composition, as an aliquot containing more CNP would containing less of the 
monomers and would subsequently photoinitiate and polymerise differently. The 
droplet location and spreading were also dependent on pipetting accuracy and would 
influence the measured volume as the gel distance from the wafer edge used for scale 
during analysis would affect the calculated volume.  
Deposition location is also paramount to accurate analysis. The optical analysis is 
reliant on using the wafer edge for scale, despite the gel being further from the camera 
than the edge of the wafer. The distance of the gel from the edge of the wafer therefore 
contributes to either over- or underestimation of gel volume. Of 24 imaged gels, the 
average distance was 2.55 mm from the wafer edge, with an imprecision of 9.3 %.  
Table 3.6 Measured circularity, aspect ratio and roundness of 17 gels calculated using Equations 3.5 
a, b and c respectively. Analysis conducted in ImageJ. 
 Circularity Aspect Ratio Roundness 
Average 0.72 1.07 0.94 

















𝜋	 × 𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝐴𝑥𝑖𝑠z 
Equations 3.5 Measurements conducted in ImageJ where an ellipsis applied to gel shapes were used 
to calculate the area, diameters and perimeter in pixels. (a) Calculation of circularity, where circularity 
of 1.0 would indicate a perfect circle. (b) Aspect ratio of the length of maximum and minimum ellipsis 
axes. (c) Calculation of roundness, which compares the gel shape to that of a perfect circle. 
 
Similarly, the volume calculation assumes each gel droplet is perfectly circular, such 
that the diameter measured from a single angle is consistent throughout. In reality, the 
circularity, aspect ratio and roundness all indicate the droplets are non-uniform (Table 
3.6). As such, the diameter measured by the camera does not reflect that of the whole 
gel and imaging from multiple different angles, or alternative transduction methods, 
would be required for more accurate analysis. A hydrophobic parylene mask was 
available but was not used as it was larger than the droplet diameter and offered 
minimal, if any, improvements of precision.349 All of these issues could be improved 
upon or solved through the use of inkjet printing283 and use of an appropriately 
designed hydrophobic mask (Chapter 5). 
 
3.5 Conclusions and Ongoing Challenges 
 
This chapter discussed the use of optical transduction of DNA crosslinked hydrogels 
to exemplify crosslink designs able to detect the miRNA sequence of miR92a, aptamer 
crosslinks able to detect adenosine and sRNA sequence detection. Sensing 
technology developed using this material could therefore be readily adapted to detect 
a variety of miRNA or sRNA sequences, as well as proteins, heavy metals or small 
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The use of DNA resulted in challenges related to the charged backbone and viscosity 
of pregel solutions manifested as detachment from the wafer substrate or malformed 
hydrogels and these challenges were exacerbated when using larger DNA crosslinks 
for aptamer use or sRNA detection. Some control was achieved through intelligent 
design using minimal blocking strands and tri-functionalised crosslinks.  
Concerns of crosslink thermal dehybridisation limited alternative methods of synthesis 
as elevated temperature or low salt concentrations would non-specifically break the 
short crosslinks. Attempts at improving photoinitiation, redox initiation and thermal 
initiation were unsuccessful due to the CNP required for contrast and electrical 
measurements absorbing UV, inefficient mixing and gel frailty. 
The removal of non-essential nucleotides from the MIR1 crosslink for miR92a 
sequence detection (MIR2) resulted in a reduction of overall swelling and detachment 
while maintaining the extent of differential swelling. Optimisation of AAm, MBA and 
DNA concentrations in MIR2 crosslinked hydrogels offered no improvements for 
optical transduction. Increased MBA concentrations reduced differential swelling and 
increased detachment, increased DNA concentration reduced gel integrity, while 
increased AAm reduced detachment but also differential swelling. 
A novel MO crosslinked hydrogel system was developed to remove or reduce the 
issues of thermal stability, salt dependency and anionic charge associated with DNA 
crosslinks. Selective and specific swelling was observed as with DNA gels in the 
presence of an analyte DNA sequence with mismatch discrimination, to a 100-fold 
improved sensitivity of 100 pM. This was further enhanced through halving the 
hydrogel volume and removing salt from both synthesis and testing to maximise 
swelling, resulting in a limit of detection of 10 pM. The improved thermal stability 
coupled with the diminished salt sensitivity suggest significant promise for MOCHs as 
a more stable and controllable alternative to DNA-based responsive hydrogel systems 
and facilitate alternative synthesis methods previously unavailable to DNA-crosslinked 
materials.  
Although the advantageous features of DNA crosslinked hydrogels and MOCHs has 
been explored, the method of optical transduction method employed remains 
rudimentary. Far more accurate means of optical transduction methods have been 
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developed, not least by Stokke et al. The limitation of many of these remains 
multiplexing and the use of a multi-array would be required for accurate diagnosis 
using miRNA fingerprinting. Further optimisation of MOCHs, and their swelling 
response transduction method, could be used to increase sensitivity to biologically 
relevant concentrations and be developed into clinically relevant biosensor systems. 
Simultaneously, the MO crosslink can be easily translated into established DNA 
crosslinked systems such as nanoparticles, electrochemical sensors or DNA 
nanotechnology for similar improvements. 
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Chapter 4 Oligonucleotide Crosslinked Polymer 
Composites 
 
4.1 DNA Crosslinked Polymer Composites 
 
4.1.1 miR92a Sequence Detection Optimisation 
 
Preliminary efforts to develop oligonucleotide crosslinked polymer composites were 
again conducted by Dr Ferrier.81,227 By incorporating appropriate amounts of 
conductive particles into the DNA crosslinked hydrogel discussed previously, electrical 
means of transduction were evaluated. Comparison of carbon nanopowder (CNP), 
micropowder, and graphite identified percolation thresholds for each in polyacrylamide 
(0.6, 0.2 and 0.1 wt% respectively) when dried while carbon nanotubes (CNT) failed 
to gel appropriately. Although all conductive fillers had elements of inconsistency in 
gel resistance changes when swelling, CNP appeared to be the most reliable.  
 
 
Figure 4.1 The d.c. resistance of MIR1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 
0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 2 wt% CNP in A1 or R1 at 10 nM in 150 mM NaCl, 1 
mM PBS at 23 °C. Data shown was collected by Dr Ferrier. Standard error of the mean calculated using 
equation 3.2b (A1 n = 5, R1 n = 4). 
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Simple d.c. resistance could transduce the swelling of hydrogels from dried states. 
Within three minutes analyte solutions could be differentiated from random solutions 
via differences in both resistance transition rate and end resistance values. Using this 
method, a LoD of 10 nM was achieved (Figure 4.1). There were no redox contributions 
from the composite or the electrodes apparent from cyclic voltammetry 
measurements, suggesting that the d.c. measurements were not influenced by 
undesired reactions of the polymer or electrode during testing.   
Within the resistance data at 10 nM there is substantial deviation between repetitions 
(Figure 4.2a). Samples were immersed in solution after one minute of measurement 
in air (data not shown) and measurements occurred every 10 seconds. Therefore, time 
points may be at most 10 seconds earlier than reported. All rate differences observed 
are greater than 10 seconds. Of the data used in analyte response, sample 1 began 
at more than 2 standard deviations higher resistance than the remaining 4 repeats and 
if discounted improves the precision of the average (Figure 4.2b).  
 
 
Figure 4.2 The d.c. resistance of MIR1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 
0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 2 wt% CNP in A1 or R1 at 10 nM in 150 mM NaCl, 1 
mM PBS at 23 °C. (a) Individual resistance profiles of each gel (b) Published (A 10 nM (1-5) and R 10 
nM) and updated (A 10 nM (2-5)) averages. Data shown was collected by Dr Ferrier. Standard error of 
the mean calculated using equation 3.2b (A 10 nM (1-5) n = 5, A 10 nM (2-5) and R1 n = 4). 
 
The random sequence measurements exhibit a number of artefacts observed 
occasionally during testing. Sample 2 shows an elevated resistance at 80 seconds 
a) b) 
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which appears as a spike due to the rapid increase followed by rapid decrease in 
resistance. This only occurs during the rapid resistance increase in within the first two 
minute of swelling and is believed to be caused by the auto-ranging of the multimeter 
overestimating the required change in current. The second type of artefact is seen in 
both samples 2 and 3, whereby the resistance fluctuates by up to 100 kW down from 
the plateaued resistance value. This is theorised to be caused by movement of 
unentangled CNP, aggregates or polymer composite, either flowing through the 
hydrogel or affected by rearrangement of the gel network, causing an increase in 
conductive particle density which reduces resistance. These artefacts can be 
overcome with a large enough sample size and should be alleviated with appropriate 
hardware and software.  
A wider range of DNA concentrations raised some concentration dependent 
inconsistencies (Figure 4.3). At 1 µM and 10 nM the analyte solution may be clearly 
differentiated from the random solution, albeit with the random 1 uM solution exhibiting 
anomalously low resistance. However, both 10 µM and 1 nM solutions are unable to 
reliably differentiate between analyte and random by end point resistance. As the 
optical LoD for MIR1 gels was 10 nM, it can be assumed that in 1 nM the response to 
analyte strands is not great enough to elicit a response.  




Figure 4.3 The d.c. resistance of MIR1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 
0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 2 wt% CNP in A1 or R1 at (a) 10 µM - 1 nM, (b) 10 µM, 
(c) 1 µM, (d) 1 nM in 150 mM NaCl, 1 mM PBS at 23 °C. Data shown was collected by Dr Ferrier. 
Standard error of the mean calculated using equation 3.2b (n = 5). 
 
The remaining inconsistencies were attributed to solution DNA effects, suggesting that 
the localised analyte or random strands in the gel would contribute to conductivity so 
that higher concentrations of DNA would cause lower resistance values.350 However, 
the expected trend if this was correct was not apparent as the 10 µM random solution 
exhibited the highest resistance of all (Figure 4.4). If solution DNA is affecting the 
resistance of the system, it cannot be reliably quantified due to the inconsistencies of 
the measurement method. 
a) b) 
c) d) 




Figure 4.4 The d.c. resistance of MIR1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 
0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 2 wt% CNP in (a) A1, (b) R1 at 10 µM - 1 nM in 150 mM 
NaCl, 1 mM PBS at 23 °C. Data shown was collected by Dr Ferrier. 
 
The standard error of the mean for samples swollen in analyte when maximum 
resistance is reached is minimal, whereas the random response appears far less 
precise. As end point resistance may be influenced by DNA concentration and both 
10 µM and 1 nM random solutions would give false positives, the rate to maximum 
resistance may be a more reliable signal and reduce effects from sample variation 
(Figure 4.5a). All analyte concentration above 10 nM respond earlier than random at 
any concentration. The fastest random concentration response was 1 nM random 
solution, which was not as quick as the analyte response. The change from percolating 
to non-percolating occurs rapidly in less than a minute for all samples, aside from the 
anomalous 1 nM random solution (Figure 4.5b). As such, rather than the 3-minute time 
to result suggested previously, the resistance value at 1 minute may better differentiate 
analyte and random solutions. At 1 minute, for each concentration above 10 nM, the 
resistance increase in analyte is far greater than that in random solutions.  
a) b) 




Figure 4.5 The time to maximum d.c. resistance of MIR1 crosslinked hydrogels with 10 wt% AAm, 0.6 
mol% MBA and 0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 2 wt% CNP A1 or R1 at 10 µM - 1 nM 
in 150 mM NaCl, 1 mM PBS at 23 °C. (a) Time to maximum d.c. resistance after immersion in solution 
(b) Time to maximum d.c. resistance after initial increase in resistance. Data shown was collected by 
Dr Ferrier. 
 
For all these potentially positive results, reproducibility remains an issue. Despite 
theorising reasons for the trends seen, outliers remain at both high and low 
concentrations of DNA and batch to batch variation may account for any or all of the 
results seen. In particular, it is difficult to investigate what is causing the change in 
resistance, as the resistance values are not dependent on the gel volume (Figure 4.6). 
Potential causes of inconsistency are discussed more thoroughly in Section 4.3. 
 
 
Figure 4.6 (a) The d.c. resistance (solid) compared to the swollen volume (hollow, dotted) (b) the d.c. 
resistance vs the swollen volume of MIR1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 
0.4 mol% MIR1 DNA crosslinks (wrt AAm) and 2 wt% CNP in A1 or R1 at 10 µM in 150 mM NaCl, 1 
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Despites the relatively successful results, improvements were required to develop an 
appropriate and reliable sensor. In particular, delamination of the gel from the 
electrode surface occurred in approximately 40 % of samples. This was primarily seen 
in DNA crosslinked gels only, rather than gels only crosslinked with MBA, suggesting 
that it was related to the hydrophilicity of the gel, the repulsion of the DNA strands from 
the electrode or a combination of both. For the purposes of this discussion, 
detachment refers to clear visible detachment of the gel or part of the gel from the 
wafer, whereas delamination refers to detachment of the gel from the platinum 
electrode only (Figure 4.7). While detachment will obviously involve some degree of 
delamination, the difference is used to distinguish when gel resistance values are at 
3-4 MΩ or higher, rather than the 300-400 kΩ expected for swollen polyacrylamide–
CNP composites. When this occurs, visual inspection does not always indicate 
detachment. As such, delamination refers to effects observed only through electrical 
measurements. Any samples reporting MΩ resistance were discarded. 
 
 
Figure 4.7 Illustration of a potential mechanism of delamination. The hydrogel is attached only to the 
functionalised silicon dioxide wafer surface. As swelling occurs, the lack of attachment to the platinum 
electrodes may allow the hydrogel to swell away from the electrode surface, leaving only a void 
containing solution in contact. Not to scale. 
 
In an effort to address delamination and reproducibility issues, the shorter MIR2 
crosslink was investigated. The reduction in crosslink length, and thereby charge 
density, would be expected to reduce both the gel hydrophilicity and any repulsion 
effects. As the optical transduction results had indicated that there had been a 
reduction in detachment in transitioning from MIR1 to MIR2 crosslinks, a reduction in 
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delamination may be also be expected. The resistance changes when swollen in 10 
µM of analyte or random sequence solutions is shown with the swelling profile in 
Figure 4.8. Two issues are evident from this data. Firstly, the resistance values are 
still unrelated to the swollen volume, albeit simultaneous monitoring of a gel through 
both optical and resistance measurements was not possible. Secondly, the selective 
difference in resistance rate increase and end point seen when using MIR1 crosslinked 
gels was not observed with MIR2 crosslinks. 
 
  
Figure 4.8 The d.c. resistance (solid) compared to the swollen volume (hollow, dotted) of MIR1 
crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% MIR2 DNA crosslinks (wrt AAm) 
and 2 wt% CNP in A1 or R1 at 10 µM in 150 mM NaCl, 1 mM PBS at 23 °C. Data shown was collected 
by Alex Carroll. ∆% and standard error of the mean calculated using equations 3.2a and b (n = 3). 
 
As mentioned previously, the percolating state of these polyacrylamide-CNP 
composites is only achieved when gels are dried or at the very earliest stages of 
swelling. Therefore, the transition from percolating to non-percolating state caused by 
the conductive particle density decreasing as the polymer swells, must occur at the 
earliest stages of swelling. Swelling beyond this point is then inconsequential to the 
resistance values measured. Ideally all extents of swelling could be transduced 
through this electrical measurement to maximise sensitivity and reliability. To achieve 
this goal using conductive particles as fillers would require a much higher degree of 
particle encapsulation within the polymer. Polyacrylamide is a porous polymer and the 
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hydration of these pores is integral to the hydrogel’s swelling capabilities. In a 
composite material with only non-covalent attachment, some of the conductive 
particles may be entrapped within the polymer chains’ entanglement, while some 
particles are only adsorbed to the polymer or trapped within the pores (Figure 4.9).273 
Although pores may be closed, inaccessible, hydrogels are extremely porous so the 
majority of pores will be connected to other pores, and thereby connected to the 
exterior of the material.351 The resistance profile is then related to not only the polymer 
swelling, but also the flow of particles through these pores during polymer hydration. 
The leaching of CNP out of the hydrogel when swelling indicates that particle 
movement must be occurring. After swelling, the hydrogel remains black, meaning 
some CNP must remain entrapped in the hydrogel. 
 
 
Figure 4.9 Illustration of potential influence of porosity on material homogeneity. (a) Porous hydrogel 
(b) Conductive particles incorporated into hydrogel through entanglement (c) Higher concentrations of 
conductive particles where excess particles collect in pores (d) Dried gel exhibiting highest density of 
conductive particles (e) Reswollen gel creating agitation of non-entangled conductive particles within 
pores (f) Conductive particles not entangled within hydrogel are able to migrate through the open pores 
and leach from the material into surrounding solution. 
 
Reducing the particle movement through the network may make the electrical 
measurement more relatable to the gel swelling. This would be expected to elongate 
the sensor response time, however, the issues with reliability and delamination must 
be addressed. Response time may be reduced once a sensor is validated through 
simple means such as volume reduction. Increased MBA crosslink density was 
investigated to increase the network density and reduce porosity in an effort to slow 
CNP movement and potentially increase entrapment, as well as reduce delamination 
(Figure 4.10).  
a) b) c) d) e) f) 





Figure 4.10 The d.c. resistance (solid) compared to the swollen volume (hollow, dotted) of MIR1 
crosslinked hydrogels with 10 wt% AAm, 0.4 mol% MIR2 DNA crosslinks and (a) 1.0 mol% (b) 1.5 mol% 
MBA (wrt AAm) and 2 wt% CNP in A1 or R1 at 10 µM in 150 mM NaCl, 1 mM PBS at 23 °C. Data shown 
was collected by Alex Carroll. ∆% and standard error of the mean calculated using equations 3.2a and 
b (n = 3). 
 
Both 1.0 and 1.5 mol% MBA increased the time to reach maximum resistance, from 
30 seconds to 90 seconds, when compared to the 0.6 mol% gels. This follows the 
optical swelling which was also slowed by higher crosslink density. Differentiation 
between analyte or random solutions was not possible with either higher crosslinked 
system and resistance remains unrelated to swollen volume. Increased crosslinker 
also caused more variation between measured resistance. The increased gel density 
and porosity would be expected to slow CNP particle movement and a decrease in 
resistance may occur if this movement results in an increased density of conductive 
particles. 
As with the optical transduction, 20 wt% AAm gels were again investigated to increase 
network density to further investigate the influence of gel density (Figure 4.11). Despite 
the lack of optical differentiation, there was a clear difference in resistance between 
analyte and random solutions, both in terms of rate of increase and maximum 
resistance. The random response at 0.6 mol% MBA is substantially different to the 
typical resistance profile, taking 5 minutes to plateau after the initial disruption of 
percolation. The random response at 1.0 mol% MBA exhibited a mixture of the slow 
resistance increase and the typical rapid increase, both of which plateaued to 350 kW 








































































Figure 4.11 The d.c. resistance (solid) compared to the swollen volume (hollow, dotted) of MIR2 
crosslinked hydrogels with 20 wt% AAm, 0.4 mol% MIR2 DNA crosslinks and (a) 0.6 mol% (b) 1.0 mol% 
MBA (wrt AAm) and 2 wt% CNP in A1 or R1 at 10 µM in 150 mM NaCl, 1 mM PBS at 23 °C. Data shown 
was collected by Alex Carroll. ∆% and standard error of the mean calculated using equations 3.2a and 
b (n = 3). 
 
The slower resistance change was not exclusive to 20 wt% AAm gels and not 
exclusive to the response in random solution. Samples prepared by Dr Ferrier using 
CMP or graphite in place of CNP also resulted in some slower resistance increases, 
as a larger particle will take longer to move through the hydrogel pores. Samples with 
higher MBA gels also exhibit occasional slow resistance change, with frequent 
decreases despite overall increasing resistance (Figure 4.12a). Unfortunately, 20 wt% 
AAm gels also exhibited slow resistance changes when swollen in analyte solution, 
albeit with far more variation than the response to the random sequence solution 
(Figure 4.12b). Inconsistencies are likely due to issues and variation during synthesis. 
Despite results indicating that 20 wt% AAm gels could improve electrical transduction 
and differentiation between analyte and random, the increased material density 
















































































Figure 4.12 Examples of atypical d.c. resistance profiles (hollow, triangles, (fail)) compared to the 
average of typical profiles (red, diamonds). (a) 10 wt% AAm, 1.0 mol% MBA and 0.4 mol% MIR2 DNA 
crosslinks (wrt AAm) and 2 wt% CNP (b) 20 wt% AAm, 0.6 mol% MBA and 0.4 mol% MIR2 DNA 
crosslinks (wrt AAm) and 2 wt% CNP.  Swollen in A1 (10 µM) in 150 mM NaCl, 1 mM PBS at 23 °C. 
Data shown was collected by Alex Carroll. Standard error of the mean calculated using equation 3.2b 
(n = 3). 
 
The results from increased gel density via either MBA or AAm increase would add 
credence to the theory that CNP movement rather than gel swelling is the major source 
of resistance change. For electrical transduction the electrodes are placed vertically 
into a solution of analyte of random DNA (Figure 4.13). After swelling, some amount 
of CNP is typically visible at the bottom of the 1.5 mL microcentrifuge tube (Figure 
4.13c). This CNP leaching reduces the CNP content of the composite and contributes 
to the inconsistencies in the material resistance. Higher density gels resulted in less 
visible leaching, although this was not quantified. 
 
a) b) 




Figure 4.13 (a) Illustration of the electrical measurement set-up. The electrode being tested is 
connected to the Keithley 2000 multimeter (d.c.) which is connected to a computer via USB cable. The 
electrode is suspended vertically in a microcentrifuge tube containing the sample solution. The 
computer utilises LabView to control and collect data. (b) Illustration of leaching during vertical swelling 
of composite. (c) Example of leached material collected at the bottom of the microcentrifuge tube after 
vertical swelling of APT2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% MBA and 0.4 mol% APT2 
DNA crosslinks (wrt AAm) and 2 wt% CNP in 150 mM NaCl, 1 mM PBS at 23 °C. 
 
CNP leaching also occurs if gels are unwashed before optical transduction (Figure 
4.14). In this case gels are swollen horizontally, yet CNP leaching still occurs. In part, 
this will be due to the flow of water as it is poured into the beaker containing the gels, 
which may flush loose CNP out of the gel matrix. CNP leaching invalidates the 
measured volumes of the gels, but illustrates the speed at which CNP movement 








Figure 4.14 (a) Comparison of swelling kinetics of unwashed ASS targeted hydrogels with 10 wt% 
AAm, 0.6 mol% MBA and 0.4 mol% DNA crosslinks (wrt AAm) and 1 wt% CNP in 10 µM analyte (red, 
diamonds) or 10 µM random (blue, circles) in 150 mM NaCl, 1 mM PBS. CNP is evident and disrupts 
optical volume measurements. ∆% and standard error of the mean calculated using equations 3.2a and 
b (n = 3). (b) Image of early swelling at 30 seconds (c) Image of gel at 3 minutes exhibiting CNP leaching 
(d) Image of gel at 10 minutes exhibiting leached CNP and sedimentation. 
 
To further investigate the effect of horizontal swelling and reduce the required solution 
volume, a clip-on mould was 3D printed (Figure 4.15). This mould altered a number of 
factors during measurement. Firstly, the gels were swollen whilst horizontal. CNP 
movement would therefore be more likely to move towards the electrode due to the 
effects of gravity, rather than leaching out of the side of the gels as occurred during 
vertical swelling. Although some leaching was previously visible during optical 
measurements on unwashed horizontal gels, the sample volume using the clip-on well 
was reduced to 50 µL and was pipetted on slowly rather than 5 mL being poured on. 
The reduction of water agitation may also be expected to slow any flow induced effects 









Figure 4.15 (a) 3D printed clip-on-well design (b) Illustration of the horizontal electrical measurement 
set-up. The electrode being tested is connected to the Keithley 2000 multimeter (d.c.) which is 
connected to a computer via USB cable. The electrode is held horizontally with the clip-on-well attached 
and the sample solution is pipetted on top of the gel. The computer utilises LabView to control and 
collect data.  (c, d) Illustration of conductive particle movement during horizontal swelling of composite. 
 
The effects of horizontal swelling on resistance are shown in Figure 4.16a, albeit 
without DNA crosslinks. Although the typical resistance profile was seen, so too was 
the slower resistance increase. However, rather than slowly increasing to 
approximately 400 kW as with the vertical swelling, the resistance decreases and 
equilibrates above the initial resistance value of the dried gel. This would be consistent 
with the premise of CNP migration trending downwards towards the electrode.  
 
 
Figure 4.16 The d.c. resistance of hydrogels with 10 wt% AAm, 0.6 mol% (wrt AAm) and 2 wt% CNP 
in 150 mM NaCl, 1 mM PBS. (a) First swelling resistance (b) First swelling (solid circles) and repeat 
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Attempts to reswell the gels from Figure 4.16a after loose CNP was washed out were 
relatively unsuccessful due to delamination resulting in no signal when connecting the 
electrodes. In these cases, the delamination and gel structure after the stresses of 
swelling and drying may leave no gel in contact with the electrode, only air.281 The 
single successful reswelling is shown in Figure 4.16b, compared to the original 
swelling. Once again there was an initial increase in resistance, followed by a gradual 
reduction. This may be explained by the initial swelling causing a reduction in 
conductive particle density, agitating any remaining loose CNP, before settling towards 
the electrode. The dried percolating resistance was slightly higher than the first 
swelling, which would be expected if CNP density had been reduced by washing out 
loose CNP. The signal is far less noisy than the first swelling and remains at a far lower 
resistance throughout. The lower resistance may be cause by the rearrangement of 
gel microstructure during the second drying, or a side effect of the auto-ranging 
multimeter supplying a lower current during the original swelling measurement. 
 
 
Figure 4.17 The d.c. resistance of hydrogels with 20 wt% AAm, 0.6 mol% (wrt AAm) and 2 wt% CNP 
in 150 mM NaCl, 1 mM PBS. (a) First swelling resistance (b) First swelling of two samples (solid blue 
circles and green triangles) and repeat swelling after drying (hollow blue circles and green triangles). 
 
Further investigation of horizontal swelling using 20 wt% AAm gels exhibited only 
slower resistance changes (Figure 4.17). Due to cost this was not investigated with 
DNA. In each case the resistance is lower than the typical response, and gradual 
reduction of resistance is consistently seen. Reswelling was successful on two 
samples (Figure 4.17b). In one case (blue) the reswelling increased resistance faster 
a) b) 
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than the first swelling, before trending downwards. The first swelling would have 
washed out loose CNP, the slower response would therefore be the CNP migration 
out of the gel, such that the second swelling would be non-percolating far quicker. The 
other examples (green) had a higher dried resistance and increases to a similar 
amount at a similar rate yet does not settle to a lower resistance. In this case the 
settling CNP may have been washed out meaning only entrapped CNP remained. 
Errors and lack of reproducibility are plentiful with all these measurements and will be 
discussed further in Section 4.3. 
 
4.1.2 DNA Crosslinked Polymer Composite Challenges 
 
As well as the difficulties using DNA crosslinks for optical measurements discussed in 
Section 3.2, a substantial number of similar issues are seen when doing resistance 
measurements. As well as the thermal considerations surrounding DNA crosslinks, 
the degree of drying would also increase delamination (Figure 4.18). Drying on a 
bench top, in a fume hood or a desiccator would ensure that the measured resistance 
would shoot up to MΩs, or that no signal would be achieved when the electrode was 
attached. While this is not dependent on the DNA crosslinks and also occurred with 
unfunctionalised hydrogels, it indicates that the stress and strain of drying influences 
delamination as well as detachment.  




Figure 4.18 The d.c. resistance profiles of APT2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA, 0.4 mol% APT2 DNA crosslinks and 2 wt% CNP in 300 mM NaCl, 1 mM PBS at 23 °C with either 
0 or 2 mM Adenosine. Comparison of gels dried in the fridge after UV irradiation (solid) with typical 
resistance profiles vs gels dried on the bench top (hollow). 
 
For the APT2 crosslinked gels, typical resistance profiles were achieved, but no 
reliable differentiation between analyte (adenosine 2 mM) and buffer was achieved. 
APT1 crosslinked gels at 0.4 mol% would consistently go to MΩs. Only gels with 0.2 
mol% APT1 crosslinks would exhibit the typical resistance profile, albeit still with no 
differentiation between analyte and buffer (Figure 4.19). The trend of increased 
detachment with higher nucleotide content was identified optically and a similar trend 
of increased delamination is seen too. As well as the stress and strain of swelling and 
drying being affected by the hydrophilicity of the hydrogel, therefore being dependant 
on nucleotide content, the charged DNA may also be affected by the current during 
measurement (100 μA > 100 kΩ < 10 μA). As in gel electrophoresis, the DNA may be 
attracted to the cathode and repulsed by the anode, resulting in a further factor 
influencing delamination. Delamination from the anode only is indistinguishable from 
delamination from all electrode segments. Any ohmic heating would be expected to 
be dissipated relatively rapidly into the swelling solution but may influence crosslink 
stability. 




Figure 4.19 The d.c. resistance profiles of APT1 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA, 0.2 mol% APT1 DNA crosslinks and 2 wt% CNP in A1 or R1 at 10 µM in 300 mM NaCl, 1 mM 
PBS at 23 °C. Standard error of the mean calculated using equation 3.2b (n = 3). 
 
The excessive delamination rate was also apparent with ASS crosslinks. ASS1 
crosslinked gels could not achieve a typical resistance response, while the few ASS2 
crosslink gels that achieved a typical resistance profile could not differentiate between 
analyte and random solutions (Figure 4.20). This is likely due to the issues of 
nucleotide content discussed previously. ASS3 could not be investigated due to a lack 
of materials. 
 




Figure 4.20 The d.c. resistance profiles of ASS2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA, 0.4 mol% (solid) or 0.2 mol% (hollow) ASS2 DNA crosslinks and 2 wt% CNP in A1 or R1 at 10 
µM in 300 mM NaCl, 1 mM PBS at 23 °C. 
 
It is known that CNP and CNT can interact with DNA in solution to form complexes, 
typically for improved hydrophilicity.352–355 This can occur both in the pregel solution, 
and during swelling. In the pregel solution DNA interaction with CNP may be expected 
to improve CNP dispersion, however, the pregel mixtures required constant agitation 
to maintain dispersion. Interact with CNP may instead increase aggregation of CNP 
as a partial coating would create an amphiphilic particle, much like a Janus particle. 
Basic DLS investigation into the particle size of CNP showed that higher DNA 
concentrations resulted in a greater variety of particle sizes, averaging to be larger 
than in buffer alone. It should be noted that the 2-minute equilibration time used for 
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Table 4.1  Measured 2 wt% CNP (50 d.nm) diameter using DLS suspended in buffer and 0 – 5 μM of 
A1, 1 mM PBS.  
DNA (μM) Z Ave (d.nm) ST DEV PDI 
0.0 2722 36.5 0.5 
2.5 5047 932.2 0.9 
5.0 3265 875.1 1.0 
 
The influence of solution DNA when testing gels may also be problematic as the rate 
of particle movement will influence the measured resistance. Furthermore, any DNA 
which interacts with CNP will be less likely to interact with the DNA crosslinks. Again, 
these issues will be exacerbated using longer DNA crosslinks and detecting longer or 
more concentrated DNA. Further investigation into CNP movement, size and the 
porosity of swollen gels would increase the understanding of the resistance swelling 
response, although at the relevant concentrations and gel volume was not possible. 
The NaCl required for maintaining DNA crosslinks was discussed previously in terms 
of crystallisation damage. Furthermore, Dr Ferrier found that although a.c. 
measurements of impedance could detect the transition from dried gel percolating 
state to swollen non-percolating, the NaCl concentrations required had a significant 
effect on the complex impedance and masked any changes based on the material 
itself.  
 
4.2 Morpholino Oligonucleotide Crosslinked Polymer 
Composites 
 
4.2.1 miR92a Sequence Detection 
 
Morpholino oligonucleotide crosslinks have been shown to improve upon a number of 
the challenges associated with DNA crosslinked hydrogels in optical transduction. 
They may also be expected to alleviate some of the challenges in electrical 
transduction. As uncharged crosslinks, MO crosslinked polymer composites should 
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not be repelled from the anode, will swell less rapidly as they are less hydrophilic, and 
the crosslinks will be more thermally stable. Most importantly, MO crosslinks do not 
require salt to remain hybridised. This will remove any damage from crystallisation 
during drying and theoretically enable alternative electrical investigation such as a. c. 
measurements of impedance. 
 
 
Figure 4.21 The d.c. resistance profiles of MOR2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA, 0.4 mol% MOR2 DNA crosslinks and 2 wt% CNP in A1 (red-yellow typical end point, green 
atypical end points) or R1 (blue) at 1 µM in 150 mM NaCl, 1 mM PBS at 23 °C. (a) Log scale showing 
typical and atypical resistance profiles. (b) Only typical resistance profiles. 
 
MOR2 crosslinked composites synthesised identically to DNA crosslinked hydrogels 
were frequently not percolating. Occasionally, if transferred to the bench top, they 
would become percolating suggesting that further drying increased CNP density. This 
was not a consistent response and as MOCH polymer composites (MOCHPCs) are 
less hydrophilic than their DNA equivalents, they would be expected to be less 
hydrated before room temperature drying. Of the gels that did percolate when dried, 
or were simply <100 kΩs, no reliable or reproducible measurements were possible 
(Figure 4.21).  
a) b) 




Figure 4.22 Comparison of d.c. resistance profiles of various MOR2 crosslinked hydrogels with 10 or 
20 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 DNA crosslinks and 2 wt% CNP in A1 or R1 at 10 nM 
in 1 mM PBS at 23 °C. Comparison of gel equilibration time at room temperature after storage at 4 °C, 
either 15 minutes (fridge) or 1 hour (bench). 
 
A wide variety of MOCHPC compositions and conditions were evaluated in an attempt 
to identify the cause of non-percolation, with no reproducible success (Figure 4.22). 
Removal of salt from the synthesis, increasing to 20 wt% AAm and longer room 
temperature equilibration resulted in few typical resistance profiles and still 80-90% of 
gels were non-percolating. 
 
Figure 4.23 Comparison of d.c. resistance profiles of MOR2 crosslinked hydrogels with 10 wt% AAm, 
0.6 mol% MBA, 0.4 mol% MOR2 DNA crosslinks and 2 wt% CNP (a) Gels washed in 1 mM PBS for 1 
hour immediately after UV irradiation, then dried and stored at 4 °C and swollen in either A1 at 10 nM 
in 1 mM PBS or in 1 mM PBS only (b) Gels stored in 1 mM PBS (4 °C) immediately after UV irradiation 
and tested in A1 or R1 at 10 nM in 1 mM PBS at 23 °C from swollen state. Gel after storage in 1 mM 
PBS (light blue diamonds). 
a) b) 
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Preparing gels as for optical measurements, washing them in buffer for 1 hour after 
UV irradiation before drying, achieved percolation in 3 out of 5 samples, yet the 
resistance profiles were inconsistent (Figure 4.23a). Attempts to store samples in 
buffer before measurement resulted in 2 out of 3 results at MΩs, and a single sample 
at 400 kΩs, which was percolating when subsequently dried (Figure 4.23b). These 
results indicated that, despite the CNP content being consistent, there must be a 
microstructural difference between DNA and MO crosslinked composites. 
 
4.2.2 Morpholino Oligonucleotide Crosslinked Polymer Composite 
Challenges 
 
Comparison of SEM images of oligonucleotide crosslinked composites revealed a 
number of factors potentially influencing the different resistance profiles from the same 
conditions, while also informing the differences between CNP based DNA and MO 
crosslinked composites.  
 
Figure 4.24 SEM images of 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MIR2 wrt AAm hydrogel with 2 
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The surface of MIR2 crosslinked composites revealed a nonhomogeneous structure 
(Figure 4.24). The centre of the gel exhibits a large, non-symmetrical formation of NaCl 
crystals, the gel has numerous cracks and the outer rim appeared to be raised and 
denser. Sample preparation for SEM including carbon sputtering, involving placing the 
gel under vacuum. As previously mentioned, drying of the gel tended to increase 
detachment when swelling so images do not show the gels in the precise state at 
which they are stored and tested. This drying will likely have exacerbated any 
fracturing. Due to the SEM induced radiation damage causing gel melting, it was 
difficult to obtain images at higher magnification.356 It would appear that the white spots 
in Figure 4.24d could be CNPs, however it is hard to differentiate due to the edges 
caused by fractures.281 The NaCl crystallisation was most apparent mostly in the 
centre of the gel and was likely an artefact of the hydrogel drying mechanism.  
 
 
Figure 4.25 SEM images of 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MIR2 wrt AAm hydrogel with 2 
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Although salt was required to maintain DNA crosslinks, MIR2 gels were synthesised 
without salt to test the influence of salt on gel structure and influence of salt 
crystallisation on gel damage (Figure 4.25). Again, three predominant morphologies 
were visible. The centre appeared brighter due to the larger density of CNP (Figure 
4.25d), while the edge and midsection appeared relatively similar to the gel with salt. 
During the UV irradiation of gel synthesis, the centre of the gel would have been the 
top of the pregel droplet closest to the UV source. This would improve initiation in this 
area and explain the increased density.357 The outer edge would be caused by during 
synthesis too, where a shorter depth would have more consistent UV initiation due to 
improved penetration. Depending on the rate of polymerisation vs drying, the gel 
structure may be influence by the coffee ring effect, causing a flow of monomer and 
CNP to the edges (Figure 4.26).281  
 
 
Figure 4.26 Illustration of (a) pregel droplet UV photoinitiation (b) polymerisation and drying (c) dried 
gel structure. 
 
Given the variability of the incomplete initiation of free radical polymerisation, as well 
as the poor dispersion and gel attachment issues, the variable resistance responses 
of these gels may be expected. The resistance issues with MOR2 crosslinked gels 
were not observed for any DNA or non-oligonucleotide crosslinked gels and therefore 
would be expected to be more different than these variables would allow.  
SEM images of MOR2 crosslinked gels revealed a more homogenous structure, 
substantially different to the MIR2 crosslinked gels (Figure 4.27). Although the 
morphology included a denser centre area, it was larger than that of the MIR2 gels. 
a) b) c) 
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Similarly, the outer edge was less dense and appeared to be a wider, more consistent 
material. No surface NaCl crystals were apparent and there was less fracturing. Most 
importantly for the electrical transduction, small conductive circles were seen, 
seemingly under the gel surface. 
 
Figure 4.27 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel 
with 2 wt% CNP in 150 mM NaCl, 1mM PBS.  
 
Synthesis of MOR2 gels without NaCl exhibited a similar morphology (Figure 4.28). 
Distinct conductive dots were once again seen, and the gel appeared smoother, 
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containing MO crosslinks instead of DNA had been observed optically as a more 
stable dispersion of CNP. If the MO crosslinks interact with the CNP it may prevent 
aggregation and precipitation, resulting in a more even distribution of CNP.358,359 While 
this results in a more consistent material, the density of conductive particles may then 
not be enough to achieve percolation, whereas with DNA or without oligonucleotides, 
aggregation and precipitation may increase CNP density closer to the electrode. The 
altered gel structure may be affected by the droplet contact angle on the silicon dioxide 
wafer. MO gels exhibited more spreading, indicating a lower contact angle and 
therefore a thinner droplet. This would enable more thorough photoinitiation and alter 
the effects of droplet drying, as faster polymerisation would alter the coffee ring 
effects.360 The more homogenous material would then be more resistant to fracturing 
as the stress and strains of drying would be more consistent throughout, as well as 
being reduced by a less hydrophilic crosslink. 
 
 
Figure 4.28 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel 
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It was previously theorised that DNA crosslinked composites did not fit standard 
percolation or general effective medium (GEM) theories due to the porosity of 
hydrogels as the percolation threshold (0.6 wt% CNP) was lower than theorised (>2.5 
wt% CNP).81,282 Typical models utilise two-phase mixtures, in this case CNP and 
polymer. The hydrogel pores can be considered as areas or particles of low 
conductivity, which effectively displace material, thereby increasing the effective 
concentration of conductive particles in an area. Standard two-phase models therefore 
cannot be used to accurately predict the characteristics of these composites.361–363 
These features were used to explain the unexpectantly low CNP loading required for 
percolation. The heterogeneity of DNA gels and lack of adequate porosity 
characterisation further complicates any attempted modelling, although it can be 
assumed that there are areas of higher CNP density that may be percolating and areas 
of lower CNP density that may be non-percolating.364 The improved homogeneity of 
MO composites appear to have a more consistent CNP loading throughout, without 
the percolating areas of high density.365,366 
Were improved CNP dispersion the cause of poor conductivity of MOR2 crosslinked 
gels, increasing the CNP content may achieve percolation. Previous work by Dr Ferrier 
had indicated that CNP loading >2 wt% reduced gel integrity of 10-15 wt% gels, so 20 
wt% gels were investigated to increase propagation rate and improve CNP entrapment 
and gel strength (Figure 4.29).81 Of both 2.5 and 3 wt% CNP 1 of 3 delaminated. The 
2.5 wt% gels exhibited the atypical slower resistance increase, while reswelling of one 
then resulted in a slower but more typical response reaching 400 kΩs. Conversely, the 
3 wt% gels remained <50 kΩs throughout testing and reswelling and resulted in a new 
resistance profile whereby gels appeared to remain at relatively high levels of 
percolation throughout. Unfortunately, incorporation of MOR2 crosslinks resulted in 
only partial gelation whereby gels would wash or flake apart when swelling. This may 
be expected if the MO crosslinks are improving CNP dispersion and thereby reducing 
UV penetration during photoinitiation. 
 




Figure 4.29 Comparison of d.c. resistance profiles of hydrogels with 20 wt% AAm, 0.6 mol% MBA 
and (a) 2.5 wt% or (b) 3 wt% CNP in 1 mM PBS at 23 °C. Comparison of first swelling resistance 
profile (solid) and 2nd swelling resistance profile (hollow). 
 
 
Figure 4.30 The d.c. resistance profiles of MOR2 crosslinked hydrogels with 10 wt% AAm, 0.6 mol% 
MBA, 0.4 mol% MOR2 DNA crosslinks and 2 wt% CNT in A1 or R1 at 1 µM in 1 mM PBS at 23 °C. 
 
A similar attempt to achieve consistently percolating MO crosslinked gels was using 
CNT in place of CNP, whereby the larger aspect ratio would be expected to increase 
conductive particle interaction and thereby increase conductivity (Figure 4.30).367–369 
Half of these achieved typical percolation values when dried (<30 kΩs) and while the 
other two did not, they were more reliable than the majority of CNP gels tested. 
Although three gels exhibited almost typical resistance profiles, there was substantial 
noise and variation, most likely due to a reduction in leaching resulting in movement 
of conductive particles within the gels. A single sample remained at low resistance, 
a) b) 
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suggesting that a high density of conductive material remained at the electrode 
surface. The inconsistencies of CNT composites were investigated using SEM.  
 
Figure 4.31 SEM images of a dried 20 wt% AAm, 0.6 mol% MBA wrt AAm hydrogel with 2 wt% CNT, 
1mM PBS stored on bench top after UV irradiation.  
 
Without oligonucleotide crosslinks, CNT based gels appeared relatively homogenous 
(Figure 4.31). Both small and large fractures were visible on the surface and very few 
conductive areas were seen. This may indicate that the CNTs precipitated to the wafer 
surface or were pressed by size dependent exclusion from the density of the hydrogel 








Figure 4.32 Illustration of CNT  (a) movement during propagation whereby dense polymer network will 
push CNT out (b) dried gel potential structure. 
 
 
Figure 4.33 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel 
with 2 wt% CNT, 1mM PBS stored on bench top after UV irradiation.   
 
Addition of MO crosslinks to the CNT composite resulted in a drastically different gel 
structure (Figure 4.33). Large cavernous holes are visible over the whole surface of 
the gel rather than the smooth polymer layer seen before. If the CNT dispersion is 
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the gel close to the surface. The inconsistencies would suggest that CNT, although 
improving dried percolation, would not improve the reliability of resistance 
investigation. 
 
4.3 Carbon Nanopowder Based Composite Limitations 
 
The inconsistencies and poor reproducibility of the composites discussed above 
prevented reliable electrical measurements. To understand which factors could be 
improved to achieve appropriate transduction the issues were separated into pregel 
solution variation relating to the dispersion stability and the factors affecting 
homogeneity and structural variety of the dried gels. 
 
4.3.1 Dispersion Stability 
 
Composite pregel solutions were observed to maintain a consistent colour for longer 
when MOs were used, compared to DNA or oligonucleotide free solutions where CNP 
sedimentation would create a clear layer at the top of the aliquot. Although CNP 
precipitation did still occur over time, improved dispersion stability would be expected 
to improve the consistency of carbon loading between samples. Due to the high cost 
of MOs they could not be used to investigate their effects on dispersion. Instead 3-
morpholinopropane-1-sulfonic acid (MOPS) buffer was used to attempt to replicate the 
effects of MOs on CNP.358 
A sedimentation study on CNP dispersion in either PBS or MOPS buffer showed little 
to no benefits (Figure 4.34). A variety of CNP loadings were investigated (0.1 – 2.0 
wt%) but at all concentrations and in both buffers, CNP was aggregated and much 
larger than the specified 50 nm diameter. Furthermore, the PDI was consistently high, 
indicating a variety of aggregate particle sizes. Despite the obvious sedimentation after 
the measurement was finished, the count rate did not reduce as would be expected. 
This is due to both rapid sedimentation occurring during the sample equilibration time 
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and because particles were seemingly maintained by the surface tension at the top of 
the sample volume (Figure 4.34g-h). Particles were never observed at the sample 
surface using pregel solutions, likely due to shape of the microcentrifuge tube. 
 




Figure 4.34 Comparison of CNP (50 d.nm) stability at (a, b) 0.1 wt% (c, d) 1.0 wt% (e, f) 2.0 wt% in 1 
mM PBS (red, diamonds) or 20 mM MOPS (blue, circles). (a, c, e) DLS determined Z-Average (solid) 
and PDI (hollow) over time. (b, d, f) DLS measured count rate over time. (g) Image of 1 mM PBS 
samples after measurement (L-R 0.1, 1.0, 2.0 wt% CNP) (h) Image of 20 mM MOPS samples after 
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Due to difficulties quantifying dispersion stability using DLS, basic optical observations 
were used instead. Further investigation included an alternative surfactant, sodium 
dodecylbenzenesulfonate (NaDDBS), and attempted to disperse CNT as well as CNP 
(Table 4.2).370–372 All CNT mixtures resulted in a paste which could not be pipetted due 
to aggregates blocking pipette tips. Of the successfully mixed CNP samples, only the 
5:1 ratio of either SDBS or MOPS offered any benefit to dispersion stability with the 
remaining conditions exhibiting substantial sedimentation within 5 minutes (Figure 
4.35).  
 
Table 4.2 Surfactant conditions tested to suspend 2 wt% CNP or CNT. Mixtures were initially vortexed 
for 60 seconds and then sonicated for 3 hours. Each CNT mixture was unable to be pipetted. 
Condition CNP/CNT (2 wt%) Surfactant Wt ratio NaCl 
 
A CNP NaDDBS 10:1 
  
 
CNT NaDDBS 10:1 
 
Paste 
B CNP NaDDBS 10:1 150 mM 
 
 
CNT NaDDBS 10:1 150 mM Paste 
C CNP NaDDBS 5:1 
  
 
CNT NaDDBS 5:1 
 
Paste 
D CNP MOPS 1 M 
  
 
CNT MOPS 1 M 
 
Paste 
E CNP MOPS 10:1 
  
 CNT MOPS 10:1  Paste 
F CNP MOPS 5:1   
 








Figure 4.35 Image of CNP (2 wt%) in each condition (A-F) specified in Table 4.2. L-R 2 wt% CNT in DI 
water, 2 wt% CNP in A, B, C, DI water, D, E, F. (a) Agitated solutions, CNT unagitated. (b) Solutions 
after 5 minutes. 
 
Comparison of the gel structures of gels made using PBS or MOPS without 
oligonucleotide crosslinks attempted to identify the effect of MOs on gel structure. The 
PBS gel was malformed, potentially due to a pipetting error during synthesis (Figure 
4.36). The imaged gel was relatively consistently cracked and didn’t exhibit the 3 
heterogenous features of the DNA crosslinked gels identified previously.  
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The MOPS gel with CNP exhibited a consistent surface structure (Figure 4.37). Small 
fractures featured homogenously throughout, unlike the smoother MO crosslinked 
gels. MOPS gels with CNT was similar to the MO crosslinked CNT composite.  
 
 
Figure 4.37 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA wrt AAm hydrogel with 2 wt% (a-d) 
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Neither NaDDBS nor MOPS sufficiently improved dispersion stability with 
sedimentation still evident within 10 minutes. Any sedimentation will decrease the 
accuracy of synthesis as each pipetted aliquot, while appearing identical, will include 
a different ratio of CNP and monomers. DNA is known to interact with carbon 
nanoparticles and MO is expected to interact also. This interaction is undesirable for 
sensing purposes, as the adaptability of the crosslink design will also have to take into 
account sequence length effects on composite particles. 
A wide variety of water stable surface functionalised nanoparticles are available.373,374 
One frequent method is to attach poly(ethylene glycol) (PEG) or other hydrophilic 
polymers to the nanoparticle surface, which despite increasing insulation of the 
conductive filler can result in increased conductivity,375 but typically would disrupt the 
electronic structure of the carbon nanomaterial and reduce conductivity.376 Coatings 
or surface functionalisation can increase the size of the nanoparticle, which reduces 
likelihood of entrapment, may increase porosity and may thereby cause increased 
leaching.260,377,378 Furthermore, improved dispersion can reduce photoinitiation 
efficiency. Inkjet printing is extremely beneficial for redox initiation of this system, in 
terms of precision and mixing of small volumes. Although many particles are 
appropriate for printing, only an electrostatic dispersion, achieved by surface 
functionalisation using a charged moiety, was investigated, discussed further in 
Chapter 5.   
 
4.3.2 Polymer Homogeneity 
 
The lack of polymer homogeneity is sure to influence the lack of reproducible 
resistance results. The polymerisation does not reach complete conversion, as 
evidenced by leaching of CNP and small oligomers (Figure 4.38 and Figure 4.39). The 
degree of conversion will be determined by a wide variety of factors which also 
influence the homogeneity. These include: temperature, droplet contact angle and 
thickness, UV penetration, speed of droplet drying, as well as errors from pipetting and 
UV initiation precision. 
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Figure 4.38 shows a gel before and after swelling, where the wafer surface goes from 
being clear to having a ring of leached material. Figure 4.39 also compares an 
unwashed gel with a clean wafer to one that has been swollen. Similar leached 
material (Figure 4.39f), to differing degrees, was also observed for DNA crosslinked 
gels as well as gels without oligonucleotides. The incomplete photoinitiation due to 
CNP absorption is likely the largest cause of poor conversion. 
 
Figure 4.38 Images of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel with 2 
wt% CNT, 1mM PBS. (a) Unswollen (b) dried after swelling in 1 mM PBS for 1 hour. 
 
b) a) 




Figure 4.39 SEM images of 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel with 2 
wt% CNP in 150 mM NaCl, 1mM PBS. (a-c) Unswollen (d-f) dried after swelling in 1 mM PBS for 1 hour. 
Gels were not carbon coated.  
 
MOR2 crosslinked gels appeared to be more homogenous than MIR2 crosslinked 
gels. This was attributed to both improved dispersion of CNP and a smaller contact 
angle and depth of droplet resulting in improved photoinitiation. The 20 wt% AAm gels, 
which gave a variety of resistance profiles, were theorised to be a denser gel. A further 
effect of increased monomer concentration would be faster propagation, which would 
affect the balance between polymerisation and the coffee ring effect from droplet 
drying. SEM images of 20 wt% AAm MIR2 crosslinked gels showed less pronounced 
morphological differences, while still having a dense middle and edge (Figure 4.40). 
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fracturing was seen. A hole in the very centre of the gel was observable by eye and 
was not a typical feature of gels. This hole serves as an example of structural 
differences caused by errors in pipetting. 
 
 
Figure 4.40 SEM images of 20 wt% AAm, 0.6 mol% MBA, 0.4 mol% MIR2 wrt AAm hydrogel with 2 
wt% CNP in 150 mM NaCl, 1mM PBS.  
 
Typical synthesis involved moving each gel to 4 °C immediately after UV irradiation. 
This was due to concerns of thermal dehybridisation of DNA crosslinks and of 
increased delamination from drying gels. Another source of variation may be the time 










Figure 4.41 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel 
with 2 wt% CNP in 150 mM NaCl, 1mM PBS stored on bench top after UV irradiation.  
 
MOR2 gels stored at room temperature after UV irradiation exhibited markedly 
different morphology (Figure 4.41). Instead of the relatively homologous gels shown 
previously, there is a higher mound in the centre of the gel which appears to be denser. 
At room temperature both polymerisation and drying will occur more rapidly. 
Presumably the more rapid polymerisation has accentuated the increased UV 
photoinitiation at the top of the pregel droplet. Previously gels with NaCl seemed to 
increase fracturing, however, in this case the gel without salt is had a large crack 
around the denser gel middle (Figure 4.42). Although the temperature is not a concern 
when using the MO crosslinks and the SEM samples may have been damaged by 
during the carbon sputtering, the potential for inconsistency from drying is a concern. 
Ideally controlled humidity may be used to store gels before testing and may be easily 








Figure 4.42 SEM images of a dried 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel 
with 2 wt% CNP in 1mM PBS stored on bench top after UV irradiation.  
 
Similar morphology was seen for 20 wt% AAm MOR2 crosslinked gels synthesised 
and stored at room temperature (Figure 4.43). In particular, excessive cracking at the 
edge of the dense centre in many of these samples indicates that the difference in 
elasticity caused by the different gel densities can give rise to extremely variable 
fractures, which will subsequently influence rehydration, leaching, diffusion of analyte 
and potentially swollen volume. Furthermore, excessive fracturing, such as those seen 
in the V-70 initiated gels, can cause flaking during gel rehydration. Gel storage in buffer 








Figure 4.43 SEM images of a dried 20 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 wrt AAm hydrogel 
with 2 wt% CNP in 1mM PBS stored on bench top after UV irradiation.  
 
The SEM images presented so far have only shown the gel surface and may differ 
substantially from the internal gel porosity.379 The gel structure close to the electrode 
is far more relevant for investigating the gel structure influencing the percolation and 
resistance with the interdigitated electrode design used.380 During preparation a single 
MIR2 crosslinked gel detached while swelling giving an insight into the gel layer close 
to the electrode (Figure 4.44). This cross-section break was very unusual when 
compared to typical detachment where the silicon oxide layer would be visible. As well 
as the material leaching mentioned previously, the wafer surface shows strong 
attachment of the dense gel edge and a remaining polymer layer. This would indicate 
that this gel was an aberration from the norm, whereby typically the gel attachment to 
the wafer surface would break. As such, this may not be indicative of a typical gel’s 
internal structure. Also, the gel was not synthesised on an electrode, so the influence 
of the platinum surface was not observed. All gel sections exhibited the fracturing seen 
elsewhere. The underside of the detached layer appeared dotted, potentially indicating 
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a high density. Were these features the case for all gels it may indicate that percolation 
is lost at early swelling stages simply because the movement of this high CNP density 
layer is the largest factor rather than being controlled by leaching. However, the 




Figure 4.44 SEM images of 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MIR2 wrt AAm hydrogel with 2 
wt% CNP in 150 mM NaCl, 1mM PBS. Dried after swelling in 150 mM NaCl, 1 mM PBS for 1 hour. 
Partial detachment occurred, (a) remaining attached gel (b, c) underside of detached gel. Gels were 
not carbon coated.  
 
Modified cryo-fracture was attempted to maintain the wafer integrity whilst 
investigating polymer closer to the surface (Figure 4.45). In this case an unwashed 
MOR2 crosslinked gel was fractured. The surface layer of composite once again didn’t 
appear to have a particularly high density of CNP, yet individual particles can be seen. 
This may confirm that the frequent lack of percolation of MO crosslinked gels was due 
b) a) 
c) 
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to a lack of CNP density, in particular at the electrodes. Further cryo-fracture and 
cross-section investigation was limited by materials. 
 
 
Figure 4.45 SEM images of a dried and cryo-fractured 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 
wrt AAm hydrogel with 2 wt% CNP in 150 mM NaCl, 1mM PBS stored on bench top after UV irradiation. 
Attempted cryo-fracture of gel.   
 
Partial cryo-fracture of a MO composite with CNT exhibited slightly different surface 
morphology (Figure 4.46). Substantially more conductive particles, as short lines 
rather than dots, were observed. A variety of CNT sizes, due to aggregation, can be 
seen in clusters or areas of high density. As only single samples were fractured in this 
manner no definitive conclusions can be made, however, the non-percolating CNP 
surface had a much lower population of conductive particles than the percolating CNT 
gel. Furthermore, CNT would precipitate faster and be more likely to be squeezed out 
of the gel network than CNP so would be expected to have a higher density at the 
wafer surface. The resistance measurement of the material is to some extent averaged 
due to the interdigitated electrode design. As such, the inconsistent arrangement of 
CNT is not of particular concern but may be better controlled with improved 
polymerisation of a stable dispersion. 
b) a) 




Figure 4.46 SEM images of a dried and cryo-fractured 10 wt% AAm, 0.6 mol% MBA, 0.4 mol% MOR2 
wrt AAm hydrogel with 2 wt% CNT, 1mM PBS stored on bench top after UV irradiation.  
 
The combination of factors involved in this composite synthesis is summarised in 
Figure 4.47. In each case each of these factors is influenced by the composition of the 
pregel solution. Photoinitiation efficiency is influenced by the intensity of the emitted 
light and the distance from the light source and will alter the polymerisation and 
porosity of the gels.381 The droplet depth, defined by the contact angle and sample 
volume, defines the distance from the light source. The contact angle is affected by 
the wafer surface functionalisation and the hydrophilicity of the pregel solutions, such 
that DNA nucleotide content or use of MO crosslinks defines the contact angle. The 
reduction of the gel depth will also increase the diameter which enables better 
attachment to the wafer surface and may reduce the delamination rate. The 
oligonucleotide used alters the behaviour of the conductive filler, varying the amount 
of aggregation and precipitation which also changes the rate of propagation, which will 
define the gel porosity and may cause particle exclusion if the network density is small 
than the particle size. The different viscosities of each DNA crosslink will also alter the 
polymerisation rate and CNP movement. A more stable dispersion will however reduce 
b) a) 
d) c) 
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the UV penetration at the droplet surface. The UV penetration and absorption not only 
affects the polymerisation rate, but also causes heating which changes the water 
evaporation rate, which may induce particle flow within the droplet.382 Similarly, the 
ambient temperature and will change the rate of evaporation and propagation, as well 
as stress and strain induced fracturing during drying.230 Due to the complexity of the 
system, the cost of materials and the volume dependency of these factors, isolation of 
each variable was beyond the scope of this thesis. 
 
 
Figure 4.47 Illustration of competing variables defining the end gel structure. Not to scale. 
 
This litany of uncontrolled variables does not include potentially more influential factors 
relating to hand pipetting. As well as the potential volume inaccuracy discussed 
previously, the lack of stable dispersion means that even visibly identical aliquots will 
likely contain varying amount of conductive particles. An aliquot containing more 
particles will then have a larger ratio of particles:monomer which will alter the gel 
structure. These issues may be improved using a stable dispersion, which then 
reduces the efficiency of UV photoinitiation. Hand pipetting droplet placement is 
another variable whereby the measurement will be affected by the area of material in 
contact with the electrode. Inkjet printing was investigated to address these issues 
(Chapter 5). 
Issues of delamination and detachment remain, meaning that not only are substantial 
amounts of material wasted, repeated swellings are rarely successful and washing out 
of loose particles was not possible without risk of gel damage. While this may be 
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improved with an alternate sensor design, this was not investigated due to cost and 
time constraints. Gel attachment is primarily maintained through the silicon dioxide 
functionalisation with TMSPM.383 This functionalisation does not occur on the platinum 
electrode. Platinum functionalisation may be achieved using molecules with a thiol 
group.384 Bis(2-methacryloyl)oxyethyl disulphide was used to try and functionalise the 
platinum such that both electrode and wafer would be bonded to the gel. Preliminary 
results did not indicate any improvement and x-ray photoelectron spectroscopy (XPS) 
suggested the platinum remained unfunctionalised. Due to costs and time constraints 
this was not investigated further. 
Given all the uncontrolled variables involved, it may be expected that the resistance 
measurements would be inconsistent. Whether previous work with the MIR1 
crosslinked hydrogels was through chance close to the Goldilocks conditions required 
is unconfirmed. Even if so, the amount of excluded data required would suggest the 
system is doomed to fail and the unstable dispersion is unattractive for any potential 
commercialisation. 
 
4.4 Conclusions and Ongoing Challenges 
 
Despite the previous work by Dr Ferrier detecting a miRNA sequence using DNA 
crosslinked, questions remain over the reliability of the material and sensor design. 
Selectivity of data was required for successful differentiation between analyte and 
random sequences due to inconsistencies and delamination. Use of the longest 
crosslinks (APT1 and ASS1) resulted in constant delamination and although the 
reduced swelling of APT2 and ASS2 crosslinks reduced delamination rate, no 
differentiation of each analyte could be achieved. Attempts to address these issues 
through removal of non-essential nucleotides from the MIR1 crosslink used for miR92a 
detection (MIR2), despite optical transduction success, resulted in no differentiation 
between analyte and random. Increased MBA crosslink concentrations also resulted 
in no resistance-based analyte detection. Gels with increased AAm resulted in an 
atypical resistance response to the random sequence with a much slower resistance 
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increase, however the wide variability of resistance profiles in response to analyte and 
the increased cost of each sensor meant further evaluation could not be conducted. 
Each composition tested exhibited resistance values unrelated to the swollen volume, 
and investigation using horizontal rather than vertical swelling, with different AAm 
concentrations, indicated that conductive particle movement and leaching was far 
more influential than the hydrogel volume. In this way the composite resistance was 
more akin to a particle release or ion permeability system than originally thought and 
optical transduction offered little insight. Indeed, the resistance-based differentiation 
using 20 wt% AAm gels had not been achieved using optical transduction. 
Resistance measurements using the MOR2 crosslinks were frequently non-
percolating when dried, and inconsistent even if percolating, making resistance-based 
transduction impossible. SEM imaging comparing MIR2 and MOR2 crosslinked gels 
indicated that MOR2 gels were relatively homogenous, with good dispersion of CNP 
within the polymer. MIR2 gels had a dense core and outer edge, each with a higher 
density of CNP, while the area in between was relatively bereft of CNP. This led to the 
theory that the areas of high-density polymer and CNP were enabling percolation at 
lower CNP loadings for DNA gels and that the homogeneity of MOR2 gels was lacking 
these dense conductive clusters. Investigation of the interaction between DNA or MO 
and CNP was limited yet indicated that the MO increased the dispersion stability. 
Attempts to increase conductive particle concentration resulted in poor photoinitiation 
efficiency and gelation. Further optimisation towards a reliable synthesis procedure 
required a stable dispersion which could not be photoinitiated due to poor UV 
penetration. As discussed in Chapter 3, thermal initiation was unreliable due to the risk 
of thermal dehybridisation and redox initiation was unreliable when hand pipetting.  
Electrochemical initiation could be used for polyacrylamide synthesis, however electric 
fields can cause aggregation of conductive species.385 Similarly, blending with 
conductive polymers or electrochemical initiation within the hydrogel matrix in place of 
CNP may improve gel reliability, but preliminary attempts were unsuccessful.386,387 As 
such, mechanised liquid dispensing, such as inkjet printing, was investigated for redox 
initiation in Chapter 5. 
  




Chapter 5 Inkjet Printable Morpholino 
Oligonucleotide Crosslinked Polymer Composites 
 
5.1 Electrostatic Composite Composition 
 
5.1.1 Solution Stability 
 
For any potential commercial applications, the oligonucleotide crosslinked composites 
discussed in Chapter 4 require a number of improvements. A consistent pregel mixture 
is essential if using conductive particles. Rather than rely on constant agitation, a water 
stable dispersion would be preferred. This can be achieved through a variety of 
chemical modifications on the particle surface.388,389 In doing so the particle structure 
is altered, which can increase size and may reduce conductivity of the particle itself or 
prevent conductive networks from forming in a composite. Similarly, appropriate 
concentrations for percolation may be difficult to maintain if systems require low 
particle concentrations to reduce aggregation. It was theorised that an electrostatic 
dispersion could be most successful in achieving a stable dispersion as the 
functionalisation is typically less bulky and frequently relatively conductive. 
To this end, Dr Seshasailam Venkateswaran kindly obtained an electrostatic carbon 
black ink from his contacts within the ink industry. The precise composition and 
functionalisation of this dispersion remained confidential. The supplied label read “SIC 
Black Dispersion 1” (SIC) and it was reported as 20 wt% in water. From this information 
it may be assumed that the dispersion is an electrostatic functionalised silicon carbide 
and all solutions were made assuming the 20 wt% concentration was accurate. When 
diluted in water the measured particle diameter was approximately 162 nm (Table 5.1). 
The neat dispersion was measured as 315 nm with a relatively high polydispersity 
index (PDI) of 0.71. Best practise for accurate DLS measurements is to use dilute 
samples that appear hazy. In testing relevant concentrations for pregel composite 
solutions the samples were opaque. This likely resulted in multiple scattering and may 
have altered the viscosity of solution. In either case, the particle size cannot be 




expected to be accurate, but can be used to detect aggregation. These experimental 
inaccuracies will likely explain why the measured particle size of the neat solution is 
larger than those that were diluted. Equally, stirring during dilution may have disrupted 
any aggregation, as the neat solution was taken from the stock solution without any 
mixing. Despite the inaccuracies of DLS, the dispersion remained stable far longer 
than any CNP based solution tested previously and even the measured polydispersity 
was much improved. 
 
Table 5.1 Measured SIC diameter at different concentrations using DLS, either neat or diluted in DI 
water. 
SIC (wt%) Solution Z Ave (d.nm) ST DEV PDI 
20 Neat 315.0 7.42 0.71 
10 DI Water 166.0 2.12 0.43 
5 DI Water 170.9 1.60 0.41 
2 DI Water 149.0 2.25 0.35 
 
The SIC dispersion appeared to remain stable when diluted at the same loadings as 
CNP gels used previously for optical or electrical transduction (1 and 2 wt% 
respectively). However, when mixed with the pregel solutions, aggregation and 
sedimentation began to occur, albeit not to the same extent as the CNP based pregel 
solutions (Table 5.2).  
 
Table 5.2 Measured SIC diameter at different concentrations using DLS, diluted in either DI water or a 
typical pregel solution. 
SIC (wt%) Solution Aam (wt%) 
Bis (mol% wrt 







2 DI Water 0 0 0 170.3 0.78 0.30 
1 DI Water 0 0 0 143.4 0.76 0.27 
2 PBS 10 0.6 150 3624.0 355.53 1.00 
1 PBS 10 0.6 150 1779.0 402.13 1.00 
 
It was clear that the SIC surface functionalisation interacted with the one or more of 
the components of the pregel solution. The most obvious would be that the salt 
disrupted the electrostatic dispersion. DLS measurements comparing SIC in PBS with 




and without NaCl showed a large increase in the average particle size in the presence 
of salt, indicating significant aggregation (Table 5.3). It appeared that the PBS solution 
may have also increased aggregation, albeit to a much lesser extent and may have 
simply been due to errors in sample preparation.  
 
Table 5.3 Measured SIC diameter using DLS, diluted in PBS either with or without salt.  
SIC (wt%) Solution NaCl (mM) Z Ave (d.nm) ST DEV PDI 
2 PBS 0 201.0 5.78 0.35 
2 PBS 150 1998.3 203.21 1.00 
 
In order to avoid any potential PBS induced aggregation HPLC grade water was used 
instead. Each component of the pregel solution, aside from the oligos, was mixed with 
2 wt% SIC to identify whether any of the essential pregel ingredients caused SIC 
aggregation (Table 5.4). Only the addition of NaCl caused any aggregation and even 
then, to a much lesser degree that in PBS. Clearly the SIC electrostatic 
functionalisation can interact with ions in solution, whereby shielding of the surface 
charge can lead to aggregation. 
 
Table 5.4 Measured SIC diameter using DLS, diluted in HPLC grade water, comparing the effects of 
each pregel component in isolation. 
SIC (wt%) Solution Aam (wt%) 
Bis (mol% wrt 







2 HPLC Water 0 0 0 184.1 0.66 0.37 
2 PBS 0 0 0 176.1 2.15 0.37 
2 HPLC Water 10 0 0 198.7 1.72 0.37 
2 HPLC Water 0 0.6 0 181.6 1.79 0.37 
2 HPLC Water 0 0 150 314.1 90.22 0.40 
 
As DNA crosslinks require NaCl to hybridise they could not be utilised with the SIC 
dispersion. Whether DNA itself would interact with the SIC particles was not 
investigated but would be expected. Although MOs may also interact with SIC 
particles, this too was not investigated due to limited quantities of material.  




5.1.2 Inkjet Polymerisation Composition Optimisation 
 
Early optimisation of SIC based composites was attempted using hand dispensing 
techniques as before. However, it rapidly became apparent that achieving gelation 
was extremely problematic. Using the established photoinitiation method led to initial 
dried resistance of 2 MΩs. Immersion in buffer solution caused the centre of the 
deposited aliquot to wash away, leaving only the outer edge attached to the silicon 
dioxide surface (Figure 5.1). The issues of UV penetration of the droplet for 
photoinitiation of these pigmented materials has been discussed previously. In this 
case the improved dispersion may have reduced UV penetration, allowing only the 
droplet edges, the thinnest areas of droplet, to be adequately photoinitiated to achieve 
attachment to the wafer. There was no visible gelation within the area of loose material 
that was washed away, suggestion that little to no network formation was able to occur 
at the droplet surface or centre. 
  
 
Figure 5.1 Illustration of the poor gelation caused by poor UV photoinitiation efficiency when using SIC 
in place of CNP. (a) Dried material (b) Washed material. 
 
Higher UV intensity was used in an attempt to improve the photoinitiation efficiency.357 
To increase the UV intensity the droplet was moved closer to the lightguide, from 2.2” 
to 1.5” away. This theoretically increased the relative UV intensity from 2% to 3% of 
the total emitted, or rather a 50% increase of the intensity used previously. As this only 
increased the wafer surface temperature from 26.5 to 34.9 °C it was considered within 
the appropriate conditions for the MO crosslinks. Despite achieving gelation, the dried 
resistance was still measured around 2 MΩs. When swollen, the whole gel detached, 
suggesting that although polymerisation was successful, attachment to the wafer 
b) a) 




either did not occur, or that the stress and strains of drying and swelling the gels 
resulted any attachment being broken. 
 
 
Figure 5.2 Illustration of poor gel attachment caused by increased UV intensity during photoinitiation. 
Gelation occurs, however, either the propagating species did not polymerise with the surface 
functionalisation or the excessive drying caused stress which facilitated delamination. (a) Dried material 
(b) Washed material. 
 
Given the lack of success using photoinitiation, redox initiation was again investigated. 
It was quickly noted that two main factors inhibited polymerisation. Firstly, inhibition of 
radical by oxygen in air meant that microliter droplets were unable to polymerise when 
the photoinitiator was replaced with an equimolar amount of APS. TEMED was 
premixed with the pregel solution and APS added to initiate polymerisation. 
Polymerisation using this amount of APS was only achieved on a mL scale after 
nitrogen flushing and even then, the 1 mL polymerisation efficiency was clearly inferior 
to larger volumes with loose material apparent upon inversion at each volume (Figure 
5.3). The second concern was a lack of mixing resulting in incomplete polymerisation. 
The rate of polymerisation was obviously much slower than even inefficient 
photoinitiation. Although not a primary concern given the switch to SIC, it was noted 
that attempts to use CNP in this redox initiation resulted separate areas of high CNP 
loading at the top and bottom of the gels as polymerisation must have been slower 
than CNP precipitation.  
b) a) 





Figure 5.3 Images of 15 wt% AAm, 0.6 mol% MBA wrt AAm with 0.125 mol% APS and 0.25 mol% 
TEMED (a) 2 wt% CNP (b) 2 wt% SIC. L-R 1, 2, 3, 4, 5 mL total volume. Vials flipped and imaged after 
8 hrs. 
 
Oxygen inhibition was overcome through a 10-fold increase in concentration of APS 
and TEMED without the requirement for nitrogen flushing. However, the lack of mixing 
capabilities when hand pipetting resulted in only localised polymerisation. Consistent 
mixing was unachievable given the rapid rate of polymerisation, whereby the pipette 
tip would become blocked by polymer if repeated pipetting was used to mix and stirring 
would be inconsistent. Similarly, rapid polymerisation precluded mixing the APS with 
the pregel solution containing TEMED before depositing on the wafer as the pipette 
tip would rapidly become blocked with polymer.  
 
 
Figure 5.4 Illustration of the localised polymerisation resulting from inefficient mixing during redox 








Drop-on-demand inkjet printing offered a solution to the issues of redox initiation as 
the deposition of multiple droplets offered a method for mixing small volumes on the 
wafer surface.390 Piezoelectric printers use a deformable material that contracts and 
reduces the volume of a capillary nozzle upon application of a voltage. Upon 
relaxation, a droplet (approximately 350 pL)391 is produced as the capillary is 
replenished by negative pressure.392 A reliable synthesis would be easily adaptable to 
different crosslinks, rapidly enabling sensor microarray fabrication for multiple 
sequence detection.393–396 
Arrays of various concentrations of monomer, APS and TEMED were investigated to 
rapidly screen for an appropriate composition. A sucrose solution was used to block 
functionalisaton of the glass slides with hydrophobic 1H,1H,2H,2H-perfluorooctyl-
trichlorosilane (POTS), followed by TMSPM functionalisation of the unfunctionalised 
well (Figure 5.5a-e). The volume of sucrose used for this mask was also optimised. 
APS was deposited on the slide and the droplet allowed to dry. The mixture containing 
monomer, dispersion and TEMED was then deposited, thereby dissolving and mixing 
the APS to initiate polymerisation (Figure 5.5f-j).  
 
 
Figure 5.5 Illustration of the optimised inkjet printed hydrogel synthesis. (a) Sucrose solution pattern 
printed (b) Sucrose solution dried and vapour deposition of hand deposited POTS hydrophobic layer 
which cannot modify the surface under the sucrose crystals (c) Acetone and water washes to remove 
excess POTS and sucrose (d) Hand deposition of TMSPM on unmodified areas of glass slide (e) 
Prepared glass slide with TMSPM monolayer in the deposited sucrose pattern surrounded by 
hydrophobic POTS. (f) APS solution printed (g) APS solution dried (h) Pregel mixture printed including 
TEMED which accelerates APS radical formation as it dissolves into solution for polymerisation 
initiation. Mixing is achieved via the energy of printed droplet movement (i) Pregel solution polymerises 
to form composite hydrogel (j) Composite hydrogel is dried before testing. 
b) a) d) c) e) 
g) f) i) h) j) 




The requirement to use a mask can be seen in Figure 5.6, where printing onto a glass 
slide functionalised with TMSPM but without the POTS hydrophobic layer from the 
sucrose mask method resulted in misshapen gels with poor homogeneity. As 
discussed before, this poor homogeneity and shape would result in batch to batch 
varying unbefitting for a point-of-care device. Figure 5.6f shows much improved gel 
containment due to the hydrophobic mask helping to contain the printed solutions in 
defined areas.392,397 It is possible that a fully optimised solution, nozzle distance and 
droplet speed or alternative methods such as printing in oil could reduce or remove 
the need for a mask.289 The sucrose mask method is reliant upon the accuracy and 
precision of sucrose deposition as any imperfections will carry forward to the gel 
synthesis. A simple photolithography method would be more reliable, potentially using 
an alternative material such a parylene for hydrophobic modification.349 These options 
were not attempted due to time and cost. 
 
 
Figure 5.6 Images of printed gels with no mask made with 1 wt% APS (3.5 nL) then (a, b) 10 wt% SIC 
(14 nL) (c, d) 20 wt% SIC (14 nL) and 20 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% TEMED (17.5 nL). 
(e, f) Images of microarrays made with no mask or a sucrose mask (3.5 nL). Gels were 1 wt% APS (3.5 










Printing components separately can circumvent the inability to use salt with the SIC 
dispersion. However, preliminary attempts printing APS, then dispersion, then 
monomers with TEMED and NaCl resulted in poor gel homogeneity (Figure 5.7). In 
part, this was due to incomplete drying of the APS droplet and the SIC droplet, 
resulting in different mixing efficiency and therefore different morphology. A further 
concern was that, once dried, SIC nanoparticle resuspension may be inefficient and 
would likely result in aggregation. 
 
 
Figure 5.7 Images of gels printed with no mask with 1 wt% APS (3.5 nL) then 0.8 wt% SIC (14 nL) 10 
wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% TEMED (17.5 nL).  
 
Premixing of the pregel solution of monomers, SIC and TEMED and inkjet printing this 
onto dried APS resulted in far more homogeneous gels (Figure 5.8). Realistically, all 
that can be concluded from top-down imaging is whether there are any large defects. 
With these images it can be difficult to differentiate between a poor mask formation, 
excessive material for the well size, or excessive initiator and accelerator 
concentrations. For example, Figure 5.8a is somewhat ovular, which is most likely an 
artefact from the mask. Both Figure 5.8a and b appear to have an undulating edge. 
This may again be from the mask itself or may be caused by an excess of gel material 
in the well area. In the case of Figure 5.8c, the irregular polymer at the top and left of 
the image may be partially due to a poorly deposited sucrose mask. However, the 
b) a) 




small branches at the bottom and right would imply that there was some splashing 
occurring during deposition. For these preliminary tests the APS was not purposefully 
dried and these irregularities were therefore attributed to splashing when then the 
pregel mixture was deposited. 
 
 
Figure 5.8 Images of gels from microarray printed with sucrose mask (3.5 nL) with 1 wt% APS (3.5 nL), 
20 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% TEMED and 2 wt% SIC (31.5). 
 
This method of polymerisation by mixing droplets impacting and coalescing on a solid 
surface required thorough optimisation to maximise reproducibility. The SIC dispersion 
water stability should minimise the issues of aggregation and precipitation previously 
discussed. However, a number of other factors will influence the gel structure (Figure 
5.9). Deposition and drying of APS will result in an uneven layer due to the capillary 
flow and Marangoni flow induced by droplet drying. Dissolution and activation of the 
radical initiator will then also be uneven. The mixing will be influenced by the droplet 
size and shape, dependent on both the size of hydrophobic mask used and volume of 
the droplet. Polymerisation will occur close to the solid surface due to the dried APS, 
unlike the UV initiation occurring at the droplet surface. As the droplet size increases 
the addition of droplets will impact the droplet and mix in vortex rings.398 All the while 
the droplet will be drying as the water evaporates. Again, it is difficult to investigate 
each individual factor, so microarrays were employed to investigate different synthesis 
conditions and the resulting gels compared to identify the most reliable synthesis.  
b) a) c) 





Figure 5.9 Illustration of competing variables defining the end gel structures of inkjet printed gels. Not 
to scale. 
 
It should be noted that photoinitiation may have been viable for small droplet volumes, 
however, the minimum volume was limited by the necessity to investigate swelling 
optically and electrical using the same equipment as before. Optimisation of 
photoinitiation using smaller droplets may then not have been transferrable to the 
required volumes and obtaining alternative equipment or appropriate electrodes was 
not an option. Inkjet printing into an oil layer may also have been beneficial, in both 
synthesis and storage, but was not investigated due to time and material constraints. 
Finally, polymers films or alternative shapes may have been developed instead of 
droplets to enable array-based volume measurements from above or below the glass 
slides.399 However, this was outside the scope of this project. 
Having established a preliminary method, the mask size, APS, TEMED, SIC and 
monomer concentrations were all varied to optimise synthesis conditions Figure 5.10. 
Gel size remained 100 drops, 35 nL, with sucrose masks of 10 or 20 drops, 3.5 or 7 
nL. Compositions were tested in triplicate with 5-20 wt% APS, 2-10 wt% TEMED and 
0.6 or 1.0 mol% MBA wrt AAm. Each slide tested either 10 or 20 wt% AAm, 2 or 4 wt% 
SIC. After swelling there were clear swathes of gel detachment or incomplete gelation 
on a number of slides (2, 4, 5, 7 and 8). These may have been caused by poor slide 
preparation, for example it may be expected that the larger sucrose mask would exhibit 
better attachment due to the larger area to attach to. However, slide 3 (3.5 nL mask) 




appeared better than slide 7 (7 nL mask) so it is more likely that the mixing within this 
area is more important that surface area alone. Furthermore, subsequent testing with 
more optimised compositions had much improved gelation and attachment.  
 
 
Figure 5.10 Printed microarrays. Sucrose mask was either 10 drops, 3.5 nL (slides 1-4) or 20 drops, 7 
nL (slides 5-8). Either 20 wt% (odd-numbered slides) or 10 wt% (even-numbered slides) AAm and either 
0.6 or 1.0 mol% MBA wrt AAm, with either 2 wt% (slides 1, 2, 5, 6) or 4 wt% (3, 4, 7, 8) SIC. Each slide 
varied APS (5-20 wt%), TEMED (2-10 wt%) and tested each combination in triplicate. APS and TEMED 
concentrations illustrated in Figure 5.11.  
 




Of the better slides for gel attachment, slides 1 and 3 were both 10 drop, 3.5 nL, masks 
with 20 wt% AAm and are identical aside from 2 and 4 wt% SIC respectively (Figure 
5.11). Conversely, slide 6 used a 20 drop, 7 nL, sucrose mask with 10 wt% AAm and 
2 wt% SIC. It is clear that the larger mask size used for slide 6 either caused or 
accentuated any unusual gel shapes as the majority of the gels in the microarray are 
not circular (Figure 5.11c). As such the 10 drop, 3.5 nL, sucrose mask was considered 
better and the compositions of slides 1 and 3 therefore more appropriate. As the only 
difference between slides 1 and 3 is the amount of SIC incorporated, this narrowed 
the composition to 10 drop mask, 3.5 nL, (for 100 drop, 35 nL, gels) with 20 wt% AAm 
and either 2 or 4 wt% SIC. Both slides had a number of deformations and detachments 
even within each triplicate and could not be decided between on these factors alone. 
During washing, significant leaching was seen from each microarray. Given the 
concerns over leaching discussed at length in Chapter 4, reduced leaching was 
considered an important aim. Although not quantified, the lesser SIC content would be 
expected to leach less as there is a maximum particle incorporation at any gel density 
and as far as could be observed by eye this appeared to be the case.  





Figure 5.11 Illustrated printed microarrays from Figure 5.10. Slides 1, 3 and 6 exhibited the most 
attached gels after swelling. (a-c) Microarray pattern depicted with 0.6 mol% (green) or 1.0 mol% 
(yellow) MBA wrt AAm. (d-f) Each triplicate of the microarray is labelled with the APS (A) and TEMED 












Figure 5.12 Slide 1 (10 drop, 3.5 nL sucrose mask, 20 wt% AAm, 2 wt% SIC) further illustrated to 
highlight the areas of interest exhibiting relatively good attachment. (a) Microarray pattern showing MBA 
mol% wrt AAm (0.6 blue, 1.0 purple). (b) Microarray image overlaid with the areas of interest in blue 
and purple. 
 
Having selected slide 1 as the more reliable slide to avoid gel detachment and particle 
leaching, closer inspection of each triplicate was used to further optimise the 
appropriate composition (Figure 5.12). It was apparent that within each composition 
triplicate there remained significant deviation. Whether this was due to inaccuracies of 
the sucrose mask, dispersion or a combination of both was not known. As such, both 
slides 1 and 3 were compared to narrow the APS concentrations for each 0.6 and 1.0 
mol% MBA, with apparent homogeneity the primary goal. Having narrowed the APS 
concentration to 7.5 or 10 wt%, the TEMED concentrations were compared in terms 
of measurements of gel uniformity (Table 5.5). There was little difference in terms of 
circularity, aspect ratio and roundness, in part due to the small sample size and the 
measurement method. In general, the circularity was an improvement on hand- 
pipetted gels (0.72), while the aspect ratio and roundness were similar. Further 
optimisation was required to justify selection between 7.5 and 10 wt% APS and 2 to 
10 wt% TEMED concentrations.  
b) a) 




Table 5.5 Measured circularity, aspect ratio and roundness of each triplicate in the areas of interest 
from slide 1 (10 drop, 3.5 nL sucrose mask, 20 wt% AAm, 2 wt% SIC) identified in Figure 5.12. Analysis 
conducted in ImageJ. 
 
Although it required further optimisation, 10 wt% APS with 5 wt% TEMED was selected 
for a preliminary test of printing on electrodes for electrical transduction of swelling. 
Due to the unoptimised scale-up for this test the higher initiator concentration was 
selected in case elongated mixing and polymerisation time led to oxygen inhibition. 
Similarly, 5 wt% TEMED was selected to try and avoid the risk of localised gelation 
while maintaining rapid homogeneous gelation. A sucrose mask was prepared using 
hand pipetting (0.2 μL of 20 wt% sucrose) but otherwise identical to the printed 
method. Once functionalised, electrode wafers were placed and held in place with 
tape. Wafers were 0.5 mm thick, unlike the 1 mm glass slides, so the inkjet nozzle was 
0.5 mm further away from the surface. As previously optimised, 20 wt% AAm with 0.6 
or 1.0 mol% MBA wrt AAm was mixed with either 1 or 2 wt% SIC. Gels were upscaled 
to 1000 drops, 350 nL (100 drops, 35 nL APS, 900 drops, 315 nL pregel mixture) and 
allowed to dry before moving. 





Figure 5.13 The d.c. resistance profiles of 3 gels printed on electrodes. Electrodes were functionalised 
as glass slides, with 0.2 μL hand-pipetted sucrose mask, POTS and TMSPM functionalisation. 
Polymerisation was carried out with 10 wt% APS (100 drops, 35 nL) and 5 wt% TEMED, 900 drops 
(315 nL) with 20 wt% AAm, 0.6 or 1.0 mol% MBA wrt AAm and 1 or 2 wt% SIC. Gels were swollen in 1 
mM PBS after 1 minute of measurement. 
 
Initial dried resistance of each gel were similar to CNP based composites and 
remained stable before swelling. Upon submersion in buffer solution, significant 
leaching was observed and the d.c. resistance rapidly increased to MΩs. Resistance 
then decreased significantly (200-500 kΩs), similar to the auto-ranging issue 
discussed previously, before gradually increasing to higher MΩ values. Leaching 
appeared to contain some flakes of gel which may explain the continuous increase in 
resistance if gradually less material is in contact with the electrode. No attempts to 
reswell gels after the removal of loose material were made, however these results 
confirmed that further optimisation was required to reduce leaching and fragmentation.  
Further microarrays were designed within the previously established optimised 
conditions (10 drop, 3.5 nL sucrose mask, 20 wt% AAm, 2 wt% SIC) with 7.5 or 10 
wt% APS and 4 or 5 wt% TEMED (Figure 5.14). Much like the hand-pipetted CNP gels 




discussed previously, the MBA concentration range was increased in an attempt to 
reduce leaching (Figure 5.14b). Similarly, co-polymerisation with 10 wt% AAm and 10 
wt% NIPAm was investigated to reduce hydrophilicity and swelling (Figure 5.14e). 
Finally, PDA was tested in place of MBA to improve gel integrity (Figure 5.14h). 
  






Figure 5.14 Printed microarrays using 10 drop, 3.5 nL sucrose mask, 7.5 (green) or 10 (orange) wt% 
APS (A), 4 or 5 wt% TEMED (T) and 2 wt% SIC. (a, d, g) Illustration of APS, TEMED and crosslinker 
concentrations (mol% wrt AAm). (b) 20 wt% AAm with 0.6-2.0 mol% MBA wrt AAm. (c) Swelling slide b 
in 1 mM PBS, drying and reswelling. (e) 10 wt% AAm and 10 wt% NIPAm with 0.6-2.0 mol% MBA wrt 
monomer. (f) Swelling slide e in 1 mM PBS, drying and reswelling. (h) 20 wt% AAm with 0.5-1.6 mol% 
PDA wrt AAm. (i) Swelling slide g in 1 mM PBS, drying and reswelling. Each composition was tested in 
nonuplicate.  
 
Upon optical inspection of each slide after printing, the AAm based microarray was 
clearly the most homogeneous as both the copolymer array and the PDA array had 
b) a) c) 
e) d) f) 
h) g) i) 




sections of non-homogeneous gels with a mixture of clear and black areas. When 
swollen in buffer, each microarray exhibited leaching from some of the compositions. 
For copolymer and PDA microarrays some of the gels also washed away. Subsequent 
rinsing, drying and reswelling showed little-to-no leaching during the second swelling. 
Closer inspection of the copolymer array and PDA array showed multiple deformities, 
whereby few, if any, were as homogeneous as the AAm array (Figure 5.15). Each 
composition appeared relatively consistent throughout within its nonuplet, indicating 
that the sucrose mask was unlikely to have caused the deformities. It is likely that both 
copolymer and PDA materials could be optimised. For example, in each case AAm 
and MBA were replaced by weight, while an equimolar swap may have been more 
consistent. However, relatively positive results from the AAm microarray and its 
similarity to the CNP based work discussed previously meant that further optimisation 
with NIPAm or PDA was not investigated. 
 
 
Figure 5.15 Images of microarray gels from Figure 5.14 (a-d) Slide d, 10 wt% AAm, 10 wt% NIPAm 
gels, 0.6-2.0 mol% MBA wrt AAm (e-h) Slide h, 20 wt% AAm, 0.5-1.6 mol% PDA wrt AAm. Examples 
shown reflect the typical structures seen throughout each microarray. 
 
As before, the uniformity of the AAm microarray was assessed to further optimise 
synthesis (Table 5.6). Compositions observed to have leached SIC during the first 
swelling were considered inappropriate, while the 1.0 mol% MBA with 10 wt% APS 
and 5 wt% TEMED previously scaled up exhibited splashed polymer droplets (Figure 
5.16).  
b) a) c) d) 
f) e) g) h) 




Table 5.6 Measured circularity, aspect ratio and roundness of each nonuplicate in the areas of interest 
from slide b (10 drop sucrose mask, 20 wt% AAm, 2 wt% SIC) identified in Figure 5.14. Results 
highlighted grey indicated leaching was observed within 5 minutes of swelling. Results in bold indicate 
the MBA, APS and TEMED conditions chosen to progress with. Analysis conducted in ImageJ. 
 
Compared to the previous printed microarray the circularity was slightly worse while 
the aspect ratio and roundness values were similar. This is likely to be from swelling 
damage or gel rearrangement during swelling. Further evidence for this theory is that 
the circularity decreases for each composition when dried, indicated further 
deformation occurred.   





Figure 5.16 Light microscopy images from slide b (Figure 5.14) after 1 hr swelling in 1 mM PBS after 
previous washing of (a) 10 wt% APS, 5 wt% TEMED, 1.0 mol% MBA wrt AAm, exhibiting droplet 
splashes. (b) 10 wt% APS, 4 wt% TEMED, 1.0 mol% MBA, exhibiting inconsistent, potentially 
undulating, edges. (c, d) 7.5 wt% APS, 4 wt% TEMED, 0.6 (c) or 1.0 (d) mol% MBA. 
 
The compositions that exhibited minimal difference between swollen and dried 
samples was 7.5 wt% APS with 5 wt% TEMED with either 0.6 or 1.0 mol% MBA wrt 
AAm. Furthermore, the gels using this composition appeared homogeneous, whereas 










Figure 5.17 Light microscopy images from slide b (Figure 5.14) dried after two washes in 1 mM PBS 
of (a, b) 7.5 wt% APS, 4 wt% TEMED, 0.6 (a) or 1.0 (b) mol% MBA (c) 0 wt% APS, 4 wt% TEMED, 1.0 
mol% MBA.  
 
Images of the dried gels in many cases showed leached material, clear gaps at the 
gel edges or larger deformations (Figure 5.17). Only gels made with 7.5 wt% APS with 
5 wt% TEMED with either 0.6 or 1.0 mol% MBA wrt AAm appeared homogeneous 
both when swollen and dried. As these MBA concentrations match those used in the 
optical and electrical system discussed previously, these conditions were utilised for 
scaling up onto electrodes. 
 
5.1.3 Inkjet Polymerisation Scale Optimisation 
 
Analysis of the previously discussed microarrays was limited by the use of a droplet 
shape in a microarray, meaning imaging could only be carried out from above or below. 
Alternative electrode designs or swelling transduction methods could assess smaller 
volumes, or gels could be printed as films rather than droplets, however the available 
electrodes were also designed for 2 μL droplets due to the previous requirements of 
hand pipetting.389,393 To accurately dispense material onto electrodes an electrode 
holder was required. After optimising measurements with 3D printing, holders were 
made by cutting a 1 mm thick aluminium sheet (Figure 5.18). As holes were cut 
through the aluminium, the wafers were 0.5 mm further away from the inkjet nozzle 
than gels synthesised on glass slides. The use of holsters enabled the use of printed 
sucrose masks, as each electrode could be returned to the same position for 
polymerisation steps. 
b) a) c) 





Figure 5.18 Image of the electrode wafer holders used to align electrodes for printing. Holders were 
made from 1 mm aluminium and wafer slots were cut through completely. Wafer thickness was 0.5 mm. 
 
Scale up optimisation compared swollen volumes of 175, 350, 525 and 700 nL (500, 
1000, 1500 and 2000 drop) gels with either 0.6 or 1.0 mol% MBA wrt AAm (Figure 
5.19a). In each case the sucrose mask was 10% of the deposited gel drops. Swollen 
volumes were compared to identify the minimum gel size that could differentiate 
between crosslink densities. Only 700 nL gels could reliably differentiate between 0.6 
and 1.0 mol% MBA, however, each run could only print 4 gels at a time due to the 
aspirated volume. As such, 525 nL gels were chosen as twice as many gels could be 
printed in a single run. All volumes appeared to be homogeneous droplet shapes when 
swollen (Figure 5.19b). The 525 nL gels offered measurable reduced swelling at 1.0 
mol% MBA, albeit within error of the 0.6 mol% MBA gels. Greater sample numbers 
may improve this as variation of gel shape and location would influence the calculated 
swollen volume. 
 





Figure 5.19 (a) Comparison of the swollen volumes of printed gels made with 175-700 nL. The sucrose 
mask and deposited APS (7.5 wt%) volumes used 10% of the total volume while the pregel solution 
used 90% or the total volume. Pregel solution was 20 wt% AAm, 2 wt% SIC, 5 wt% TEMED, with either 
0.6 (red) or 1.0 (blue) mol% MBA wrt AAm. (b) Image of a 175 nL printed gel. 17.5 nL sucrose mask. 
17.5 nL APS (7.5 wt%). 122.5 nL 20 wt% AAm, 2 wt% SIC, 5 wt% TEMED, 0.6 mol% MBA wrt AAm. 
Standard error of the mean calculated using equation 3.2b (n = 3). 
 
As explained in Chapter 3, the distance of the gel from the front of the wafer will 
influence the accuracy of the swollen volume as the front edge of the wafer is used for 
the scale in each image. Similarly the circularity of the gel will affect the accuracy of 
the calculated volume which is based on the droplet being a perfect circle. For 
electrical measurements, the contact area with the electrodes will also influence 
measured results. Table 5.7 shows the gel placement and uniformity of the 175 nL 
gels. Circularity, aspect ratio and roundness were all comparable to the best of the 
microarray results, which is more impressive considering the gels were hand-traced 








Table 5.7 Measured gel placement precision (as distance left and distance down explained in Figure 
5.20) and circularity, aspect ratio and roundness of 8 printed gels (175 nL) calculated using Equations 
3.4a, b and c respectively. Analysis conducted in ImageJ. 
 
 
Figure 5.20 Illustration of measurements reported in Table 5.7 used to assess droplet placement 
whereby “Distance Left” is the distance between the leftmost edge of the interdigitated electrode area 
and the leftmost edge of the composite droplet and “Distance Down” is the distance between the 
bottommost edge of the interdigitated electrode area and the bottommost edge of the composite droplet. 
Not to scale.  
 
For each deposited volume, the gels were towards the front right corner of the 
interdigitated electrode. This was an artefact of printing using the glass slide map 
locations. For the larger gels this meant that some of the gel was outside of the 
interdigitated electrode area. Appropriate mapping or a more accurate holder could 
alleviate this concern, however it was not conducted as it was already an improvement 
over the previous hand pipetting accuracy. Each set of 4 electrodes in a holder had 
slightly different locations and shapes (Figure 5.21). When compared to gels printed 
on electrodes in the same holder the gels were found to overlap fairly accurately, 
suggesting that a more precise electrode placement or mapping could alleviate this 
issue. 
 





Figure 5.21 Images of printed gel placement precision whereby each electrode holder position (a-d) 
was used to print on 2 electrodes (i, ii) which when overlaid show minimal deviation.  
 
Having decided to use 350 nL gels, further synthesis on glass slides was conducted 
to ensure the reliability of the method and further assess the gel structure. 40 of both 
0.6 and 1.0 mol% MBA wrt AAm gels were synthesised on glass slides with 35 nL 
sucrose masks. Due to the gel size, it was not possible to obtain an image of whole 
gels using the microarray imaging method. Despite this, the gel homogeneity and 
edges were visible and rather than stitching multiple images together, these edges 
were assessed (Figure 5.22). It was apparent that numerous gels had clear areas 
suggesting at least no SIC in those areas and probably with no polymer. After washing, 
partial gel detachment was apparent at the edges (Figure 5.22d and j). Furthermore, 
numerous gels showed signs of leaching with dark material surrounding the main gel 
area (Figure 5.22e, h and i). Although some gels appeared to be homogeneous with 
minimal-to-no leaching (Figure 5.22c and f), the majority had defects or leaching. 
Inconsistent gel shape and structure will reduce the accuracy of electrical transduction 









Figure 5.22 Images from 350 nL microarray with 35 nL sucrose mask of either 0.6 (a-f) or 1.0 (g-l) mol% 
MBA wrt AAm (20 wt% AAm, 2 wt% SIC, 7.5 wt% APS, 5 wt% TEMED). (a-c, g-i) Unwashed (d-f, j-l) 
washed. 
 
Smaller sucrose mask sizes were investigated to constrain the material in a smaller 
area and reduce the white areas of no composite. It was expected that this would also 
reduce leaching through resulting in a denser network structure. 17.5 nL sucrose 
masks were used to synthesise 40 more 0.6 mol% and 1.0 mol% MBA wrt AAm 350 
nL gels. Some of these gels were able to be imaged in their entirety and were then 
assessed in terms of their uniformity (Table 5.8). The uniformity was similar to the 
other printed gels, although the circularity calculated differed substantially after 
b) a) c) 
e) d) f) 
h) g) i) 
k) j) l) 




washing for 0.6 mol% MBA gels. As not all gels were within the field of view for full 
imaging it was difficult to assess this thoroughly, however if the 1.0 mol% MBA gels 
retain integrity while the 0.6 mol% MBA gels are damaged it may aid transduction.  
 
Table 5.8 Measured circularity, aspect ratio and roundness from 350 nL microarray of either 0.6 or 1.0 
mol% MBA wrt AAm (17.5 nL sucrose mask, 20 wt% AAm, 2 wt% SIC, 7.5 wt% APS, 5 wt% TEMED). 
Analysis conducted in ImageJ. 
 
 
The gel images using the 17.5 nL mask showed a far more homogeneous material, 
with significantly fewer instances of white space within the gel and to a far lesser extent 
even when it was apparent (Figure 5.23). There were still occasional indications of 
leaching, but less frequently and to a lesser extent than seen using the 35 nL mask. 
There were some instances of gel shrinking, whereby the gel was smaller after 
washing. This was thought to be due to material polymerised and adsorbed to the area 
outside of the sucrose mask swelling away from the glass and then rearranging to be 
close to the centre of each mask area. The gels which covered a larger area than the 
mask should permit were likely formed due to the flow from droplet addition causing 
polymerisation outside of the mask. Full optimisation of mask size, preferably using 
photolithography for improved precision, wafer distance and gel composition could 
further improve the reproducibility of this method and uniformity of size and shape. 
However, it was not a priority for the aim of printing MO functionalised composites at 
this stage. 





Figure 5.23 Images from 350 nL microarray with 17.5 nL sucrose mask of either 0.6 (a-f) or 1.0 (g-l) 
mol% MBA wrt AAm (20 wt% AAm, 2 wt% SIC, 7.5 wt% APS, 5 wt% TEMED). (a-c, g-i) Unwashed (d-
f, j-l) washed. 
 
Further printing was conducted on electrodes to assess the electrical transduction of 
the printed composite. As preliminary testing, only d.c. resistance was investigated to 
compare to the previous CNP based work. Initial results swelling in 1 mM PBS did not 
appear promising as once again the percolating dried composite rapidly went to MΩs 
(Figure 5.24) and some leaching was again visible. 
 
b) a) c) 
e) d) f) 
h) g) i) 
k) j) l) 





Figure 5.24 The d.c. resistance profiles of 4 unwashed gels printed on electrodes, 17.5 nL sucrose 
mask. Polymerisation was carried out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 
0.6 mol% MBA wrt AAm and 2 wt% SIC (315 nL). 
 
Upon drying and retesting the gels the resistance profile went to kΩs instead of MΩs. 
The starting resistance values varied from 25-100 kΩs, although this may have been 
due to incomplete drying. The end resistance values were similar to the previous CNP 
based system. As discussed in Chapter 4, it is possible that the auto-ranging of the 
multimeter is overshooting the required current due to the rapid change in resistance, 
resulting a different measured resistance for the non-ohmic material. This may be 
more likely than delamination causing MΩ resistances as repeated swelling would be 
expected to cause repeated delamination or detachment. Unlike CNP based 
composites, the SIC gels appeared homogeneous and less likely to detach or 
delaminate, facilitating reswelling.  





Figure 5.25 The d.c. resistance profiles of 4 washed gels printed on electrodes (First swelling shown 
in Figure 5.24), 17.5 nL sucrose mask. Polymerisation was carried out with 7.5 wt% APS (35 nL) and 5 
wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt AAm and 2 wt% SIC (315 nL ).  
 
Upon testing of the third swelling response, having been dried thoroughly overnight, 
the starting resistance values were far more variable (Figure 5.26a). One gel was at 
MΩs, two <100 kΩs and one failed to report any resistance. This may be due to 
electrode damage or delamination from the electrode whilst remaining on the wafer. 
Upon swelling the three working samples all gave different responses. Sample 1 
exhibited the typical response from 30 to 500 kΩs, sample 2 went to MΩs, while 
sample 3 went from MΩs down to kΩs, potentially caused by swelling increasing 
electrode contact.  
Comparison of the swelling responses showed that the first swelling reliably reached 
MΩs with minimal variation despite showing leaching, whereas the second swelling 
reliably went to kΩs with minimal variation (Figure 5.26b). The third swelling was far 
more variable and unreliable, likely due to gel damage. Omitting sample 2 which went 
to MΩs, however, resulted in the same resistance as the second swelling. 





Figure 5.26 The d.c. resistance profiles of 3 twice washed gels printed on electrodes (First swelling 
shown in Figure 5.24, gel 4 failed), 17.5 nL sucrose mask. Polymerisation was carried out with 7.5 wt% 
APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt AAm and 2 wt% SIC (315 nL). 
(a) 3rd Swelling d.c. resistance (b) Average unwashed, first reswelling and 2nd reswelling (Samples 1 
and 3 only). Standard error of the mean calculated using equation 3.2b (n = 3). 
 
It is clear from the repeated swelling tests with d.c. resistance that the gels have better 
attachment to the wafer, are less affected by leaching, or a mixture of both. Similarly, 
the placement precision is improved over the hand-pipetted CNP gels, despite there 
being some variation in terms of dried gel area. Optical assessments suggested 
improved homogeneity with composition optimisation reducing any white gaps in the 
gels, however it was not possible to assess the microstructures due to the 









Figure 5.27 SEM images of printed gel on 17.5 nL sucrose mask. Polymerisation was carried out with 
7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt AAm and 2 wt% SIC 
(315 nL). 
 
SEM imaging of a printed composite revealed a number of interesting features (Figure 
5.27). Firstly, the material itself appeared far more homogeneous than the CNP 
composites with no clusters of high conductive particle density visible on the gel 
surface. Secondly, some composite remains detached from the gel body and instead 
remains adsorbed to the platinum electrode. This is likely due to the hydrophobic 
modification on the wafer surface, yet the area this reaches from the gel body is 
substantial. Finally, there appears to be crumpling at the top of the gel. The 
polymerisation can be expected to be quickest at the wafer surface where the APS 
was dried, meaning the deposited pregel solution will be polymerised mostly densely 
at the wafer surface. Interestingly this is the opposite to the UV photoinitiation where 
initiation occurs at the top of the gel droplet. As material continues to be added and 
results in mixing, the later material at the surface will not only have a lower radical 
concentration, but also be more susceptible to oxygen inhibition. Another factor may 








crumple. As with the CNP based composite, the area of most interest is the area 
closest to the electrode surface. If this is a reproducible feature it may explain reduce 
delamination as the stress and strain from drying and swelling at the wafer surface 
could be lessened by the crumpling and expansion at the top of the gel. The material 
still attached to the platinum may also suggest that the gel density improved adhesion 
not only to the wafer but to the electrode too. 
 
5.2 Morpholino Oligonucleotide Crosslinked Polymer 
Composites 
 
5.2.1 Printable Solutions 
 
Based on the improvements achieved during optimisation and preliminary testing of 
the printed SIC composite, further optimisation was attempted using the MOR2 
crosslinks. Due to the cost of material and the volume required for inkjet printing, the 
number of attempts were limited. Having dissolved 0.4 mol% wrt AAm MO crosslinks 
into the monomer mixture and mixed into the SIC dispersion, it appeared no different 
to previous pregel solutions. However, upon aspiration into the printer nozzle, it quickly 
became apparent that air bubbles had formed within the nozzle. Despite further 
degassing of the solution and clearing the printer of air bubbles it was clear that every 
time aspiration was attempted bubbles would form. Considering addition of MOs 
increased solution viscosity, it is likely that this increased viscosity was causing air to 
enter the printer during solution aspiration, as well as altering the extensional viscosity 
during droplet formation.286,393,399,400 Any potential interaction between SIC and MOs 
could not be investigated due to lack of sufficient amounts of material. 
Although there are numerous methods to reduce viscosity, such as increased 
temperature or alternative solvents or nozzles, time was too limited to investigate 
these.285–287,291,401 In particular pneumatically driven inkjet printing could be used to 
print viscous solutions.288 Attempts to print the MO solution separately were 
unsuccessful due to the viscosity and further dilution would have required optimisation. 
Instead the concentration of MO crosslinks was halved, such that either 0.2 mol% MO 




wrt 20 wt% AAm or 0.4 mol% MO wrt 10 wt% AAm was used. In either case there 
were still issues during aspiration of air bubbles forming resulting in substantial wasted 
material. Even on occasions when printing was possible the droplets were poor and 
the volume varied widely from gel to gel. As the volume also affects the initiator 
concentration these gels will vary in both macro and microstructures.381  
The 0.2 mol% MO wrt 20 wt% AAm gels printed were visibly misshapen (Figure 5.28). 
As well as the inconsistent shape and volume, there were visible dents in the gels 
where there was less material. Furthermore, a visible residue of material radiated 
around the gels. Previously this had only been seen on wafers after swelling had 
washed out loose material. The bubbles in solution prevented consistent droplet 
volume, meaning that splashing or spraying likely occurred to spread the material so 
far from the gel centre.  
 
 
Figure 5.28 Images of printed MO gels on 17.5 nL sucrose mask. Polymerisation was carried out with 
7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% SIC and 
0.2 mol% MOR2 (315 nL). 
 
Despite the poor gel structure, SEM images indicated a relatively homogeneous 
material (Figure 5.29). Unlike the previous printed gel SEM there were no large 
crumpled areas. As well as the clear halo of material around the gel, the edges appear 
less defined than the previous gel. The gel surface appears rougher than the hand-
pipetted MOR2 gels, seemingly with bumpy areas and a relatively consistently mottled 
surface which may indicate the SIC dispersion remains consistently spread despite 
the inaccurate printing process.  





Figure 5.29 SEM images of a printed MO gel on 17.5 nL sucrose mask. Polymerisation was carried 
out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% 
SIC and 0.2 mol% MOR2 (315 nL). 
 
Due to time limitations the synthesis was not optimised for 10 wt% AAm gels. As such 
the initiator concentration was likely higher than optimal and the mask size may also 
be too large for reproducible results. In spite of this, the inaccuracies of deposition due 
to sample viscosity and air bubbles would remain the biggest source of variation. 
Figure 5.30 shows examples of the 10 wt% AAm gels. As with the 20 wt% AAm gels 
there are malformities and loose material around the gels.  
 





Figure 5.30 Images of printed MO gels on 17.5 sucrose mask. Polymerisation was carried out with 7.5 
wt% APS (35 nL) and 5 wt% TEMED with 10 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% SIC and 0.4 
mol% MOR2 (315 nL). 
 
Washing of the 10 wt% AAm gels showed how incomplete the polymerisation was, as 
substantial areas of gel were washed away (Figure 5.31). With appropriate 
optimisation 10 wt% AAm gels should be entirely printable, although 20 wt% AAm gels 
were preferred to reduce particle leaching.  
 
 
Figure 5.31 Images of swollen printed MO gels on 17.5 sucrose mask. Polymerisation was carried out 
with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 10 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% SIC 
and 0.4 mol% MOR2 (315 nL). Substantial amounts of material washed away resulting in holes within 
the centre of the gels. 
 
SEM imaging of a 10 wt% AAm gel showed similar structures to the 20 wt% gel with 
the mottled surfaces, more sizeable pores, and bumpy areas of increased density 
(Figure 5.32).  
 





Figure 5.32 SEM images of a printed MO gel on 17.5 nL sucrose mask. Polymerisation was carried 
out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 10 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% 
SIC and 0.4 mol% MOR2 (315 nL). Note, due to fracturing of the electrode wafer there are white 
silicon shards on the surface. 
 
5.2.2 Optical Analysis 
 
Despite the inaccurate dispensing of material, attempts were made to get some 
swelling information from the synthesised gels. Gels with large defects were discarded 
and the best gels were tested for optical transduction. The 10 wt% AAm gels were 
about half the size of the 175 nL 20 wt% gels tested during the scale up optimisation 
(Figure 5.33). It was clear that these were too small to assess accurately with the 
optical transduction set up, even more so as any gel deviations could have a much 
larger influence on measured volume.  





Figure 5.33 Swelling kinetics of a printed MO gels on 17.5 nL sucrose mask. Polymerisation was carried 
out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 10 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% 
SIC and 0.4 mol% MOR2 (315 nL). 
 
As expected from the deposited volume inaccuracies, the 20 wt% AAm gels offered 
no differential swelling in analyte solutions (Figure 5.34). Given the smaller gel volume 
it would be expected that gels would be at least as sensitive as the hand pipetted 
MOR2 gels. However the increased AAm concentration increased the gel density, 
albeit the total MOR2 crosslinks remained equal due to the reduced MO crosslink 
concentration. Despite the unexpected relatively small standard error of the mean for 
each set of samples and the increased swelling in DNA solutions compared to buffer, 
the largest swelling response was seen in 100 nM random solution. It can be assumed 
that the errors incorporated during synthesis meant the deposited volumes were more 
influential than the swelling solution and that errors were relatively small through the 
chance of random solution assignment. 





Figure 5.34 Comparison of swelling kinetics of printed MO gels on 17.5 sucrose mask. Polymerisation 
was carried out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt 
AAm, 2 wt% SIC and 0.2 mol% MOR2 (315 nL). Swelling conducted in 1 mM PBS buffer (hollow black 
circles, bottom series at 45 mins) with 10 pM or 100 nM of analyte (red and yellow diamonds) or random 
sequence (solid blue circles). Standard error of the mean calculated using equation 3.2b (n = 3). 
 
In an attempt to overcome the inaccurate gel volumes, the rate of swelling was 
considered as swelling should occur faster if MO crosslinks are broken (Figure 5.35). 
However, the rate of swelling is still dependent on the gel volume and shape. As such, 
the swelling rate offered no improvements for the signal transduction. 





Figure 5.35 Comparison of swelling kinetics of printed MO gels on 17.5 sucrose mask. Polymerisation 
was carried out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt 
AAm, 2 wt% SIC and 0.2 mol% MOR2 (315 nL). Swelling conducted in 1 mM PBS buffer (hollow blue 
circles) with 10 pM or 100 nM of analyte (red and yellow diamonds) or random sequence (solid blue 
circles). Error bars show standard error of the mean. The maximum average swollen volume within 60 
minutes of swelling was used to calculate the swelling %. Standard error of the mean calculated using 
equation 3.2b (n = 3). 
 
To illustrate the issues with swelling rate use, the swelling of each of the samples 
swollen in buffer were compared to the average (Figure 5.36). In this case it is clear 
that the gel swelling plateau point varies substantially. For example sample 4 plateaus 
within 10 minutes, while sample 2 doesn’t plateau until 40 minutes. It is dependent on 
shape as well as size as sample 3 is the smallest gel yet plateaus later than sample 
4. 





Figure 5.36 Comparison of swelling kinetics of printed MO gels on 17.5 sucrose mask. Polymerisation 
was carried out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.6 mol% MBA wrt 
AAm, 2 wt% SIC and 0.2 mol% MOR2 (315 nL). Swelling conducted in 1 mM PBS buffer. Standard 
error of the mean calculated using equation 3.2b (n = 3). 
 
In a final attempt to achieve some optical validation of selective swelling for these 
printed gels, the gels were swollen in buffer before swelling in analyte or random 
(Figure 5.37). In this way the swollen volume in buffer can be used in place of the 
deposited volume to calculate the Δ% and more accurately assess gel swelling as the 
deposited volume is somewhat factored in. To remove the influence of swelling rate 
gels were swollen for 24 hours. Although the 10 wt% gels (Sol. B) were too small to 
accurately assess, the 20 wt% gels (Sol. A) did appear to swell more in analyte than 
random sequence solutions. This remains an inaccurate method of transduction as 
the initial and final images were taken with slightly different positions and camera focus 
and the gels themselves were not perfectly circular droplets. As well as this the long 
equilibration and swelling times make it wholly impractical for a point-of-care device, 
yet it can serve to show that MO crosslinks appear to remain responsive during inkjet 
printing.  
 





Figure 5.37 Comparison of swollen volume of printed MO gels on 17.5 sucrose mask. Polymerisation 
was carried out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 20 wt% AAm, 0.2 mol% MOR2 (Sol. 
A) or 10 wt% AAm, 0.4 mol% MOR2 (Sol. B) 0.6 mol% MBA wrt AAm, 2 wt% SIC and (315 nL). Gels 
were preswollen in 1 mM PBS buffer overnight and transferred into 100 nM of analyte (A1, red-yellow) 
or random sequence (R1, blue) for 60 minutes. Preswollen volumes were used to calculate Δ% using 
equation 3.2a. 
 
5.2.3 Electrical Analysis 
 
Much like the optical transduction, electrical results will be affected by both gel 
structure and placement. It is therefore not unexpected that even the dried percolating 
resistance would differ from gels printed without MO crosslinks. In each case the dried 
gels were at MΩs before washing and resistance would lower, albeit still at MΩs, once 
immersed in buffer (Figure 5.38). After this washing step, the 10 wt% AAm gels had a 
mixture of dried resistance at MΩs or below 100 kΩs, yet all swelled to similar MΩ 
levels. 20 wt% AAm gels offered little improvement, other than all washed gels being 
<100 kΩs when dried. 
 





Figure 5.38 The d.c. resistance profiles of 1 unwashed gel and 3 washed gels printed on electrodes, 
17.5 sucrose mask. Polymerisation was carried out with 7.5 wt% APS (35 nL) and 5 wt% TEMED with 
(a) 10 wt% AAm, 0.6 mol% MBA wrt AAm, 2 wt% SIC and 0.4 mol% MOR2 or (b) 20 wt% AAm, 0.6 
mol% MBA wrt AAm, 2 wt% SIC and 0.2 mol% MOR2 (315 nL). 
 
Given the inconsistencies during synthesis, the variation in not only electrode contact 
but also gel microstructures due to varying APS concentrations, it is little wonder that 
a) 
b) 




resistance measurements for printed MOR2 crosslinked gels were worse than the gels 
without MO crosslinks.  
 
5.3 Conclusions and Ongoing Challenges 
 
A water stable SIC electrostatic dispersion was used due to the lack of stability of CNP 
in aqueous solution. Both PBS and NaCl caused aggregation of SIC particles, 
according to DLS measurements. Consequently, HPLC grade water was used in 
further experiments. Attempts to optimise SIC composite synthesis by hand was 
impossible with UV photoinitiation as the improved dispersion prevented UV 
penetration into the pregel droplet. Using redox initiation with APS and TEMED was 
problematic, first due to oxygen inhibition and the due to the lack of mixing resulting in 
localised polymerisation.  
An inkjet printed method was developed and optimised including a hydrophobic mask 
to constrain droplet placement and spreading.393 The polymerisation method was 
simplified from adding components individually to drying the APS before printing on 
the pregel mixture containing monomers, dispersion and TEMED. Multiple microarrays 
were used to optimise the concentration of each component and due to the nature of 
the small droplets decisions were made predominantly on gel macrostructure 
homogeneity and shape. Larger gels were printed onto the electrodes used previously 
for hand-pipetted gels using a wafer holder for precision. Gel and mask size were 
optimised and preliminary optical and electrical results were promising. With SEM 
imaging indication a more homogeneous gel than the CNP hand-pipetted material, 
gels were more robust and able to undergo multiple swelling and drying cycles without 
delamination, resulting in relatively consistent resistance profiles. 
Incorporation of MO crosslinks into the pregel solution resulted in a viscosity which 
could not be properly aspirated or printed. Halving the MO concentration enabled both 
aspiration and printing yet caused great inaccuracies in gel shape and volume due to 
air bubbles in the aspirated aliquot. Attempts to assess optically were inaccurate due 
to the various shapes and volumes. Using preswollen gels transferred into analyte or 




random sequence solutions achieved an elevated swelling response to the analyte 
sequence, which indicated MO crosslinks were intact through printing. Electrical 
transduction was similarly impossible due to gel variation. SEM imaging showed 
mottled and bumpy surfaces seemingly from the SIC particle density.  
Further optimisation was impossible due to lack of material and time. Potential 
solutions to the MO viscosity issues would be to use an elevated temperature, 
alternative solvents (as MO hybridisation should endure solvent mixtures better than 
DNA) or a wider printer nozzle and slower aspiration rate. Similarly, alternative 
printable conductive fillers or drop-on-demand printer heads could be 
investigated.283,284,373,388,393,402–405 Other simple improvements would be using 
photolithography to prepare more precise hydrophobic masks to improve gel 
placement and shape, the use of more appropriately designed electrodes or electrode 
substrates for smaller volumes.406 Once printable, different gel layers, patterns and 
coatings could also be investigated which could improve gel reswellability or filter 
solutions.290,407–409 
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Current miRNA detection methods are complex, costly and time-consuming. As such, 
the great potential of miRNA as non-invasive biomarkers of a huge range of diseases 
has yet to be realised. Oligonucleotide crosslinks have been shown to be specific and 
sensitive bioreceptors for miRNA and their incorporation into hydrogels resulted in a 
selective and specific controlled swelling response.  
Optical transduction of DNA crosslinked hydrogel swelling showed various crosslink 
designs capable of detecting miRNA or sRNA sequences, as well as an aptamer 
crosslink for adenosine, which exemplified the adaptability of this material. The 
challenges of using DNA, namely the charged backbone and viscosity, was reduced 
through intelligent crosslink design, using minimal blocking strand lengths of multiple 
strand crosslink junctions. However, issues of gel detachment and thermal 
dehybridisation of the DNA crosslinks remained problematic and limited the solvents 
and synthetic methods available.  
A novel MO crosslinked hydrogel material was developed to improve thermal stability, 
salt dependency and the anionic charge associated with DNA crosslinks. Selective 
and specific swelling was observed as with DNA gels in the presence of an analyte 
DNA sequence with mismatch discrimination, to a 100-fold improved sensitivity of 100 
pM. This was further enhanced through halving the hydrogel volume and removing 
salt from both synthesis and testing to maximise swelling, resulting in a limit of 
detection of 10 pM. The improved thermal stability coupled with the diminished salt 
sensitivity suggest significant promise for MOCHs as a more stable and controllable 
alternative to DNA-based responsive hydrogel systems and facilitate alternative 
synthesis methods previously unavailable to DNA-crosslinked materials.  
The sensitivity and sensor design remain insufficient for practicable point-of-care 
testing. Detection of miRNA has yet to be demonstrated, although MO-RNA 
hybridisation is expected to be stronger than MO-DNA and as such may be expected 
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to be more sensitive. Reduced hydrogel volumes would also further improve 
sensitivity, yet a more accurate optical transduction method would be required. Poor 
multiplex capabilities for optical transduction would limit the usefulness of miRNA 
detection, as the most accurate diagnoses are obtained by assessing a number of 
miRNA sequences in miRNA fingerprinting. 
Electrical transduction using an oligonucleotide crosslinked polymer composite would 
provide rapid results with multiplex capabilities. However, the composite material 
developed by Dr Ferrier exhibited numerous reproducibility issues, in particular when 
using longer DNA crosslinks. Each composition tested, when delamination had not 
occurred, exhibited resistance values unrelated to the swollen volume. It was identified 
that the flow of conductive particles through the hydrogel matrix, rather than hydrogel 
volume, was mechanism of resistance change. Furthermore, poor UV initiation 
efficiency, owing to the density of carbon nanopowder required for conductivity, was 
highlighted as a flawed choice for material synthesis as more homogenous pregel 
solutions with carbon would polymerise less efficiently.  
The use of MO crosslinked hydrogel composites for electrical transduction indicated 
that a more homogenous dispersion of CNP removed the percolation of the material, 
as shown by SEM. DNA crosslinked hydrogel composites showed areas of dense 
hydrogel and CNP, resulting in areas of conductivity. Pregel solutions containing a 
water stable SIC electrostatic dispersion could not be UV initiated. Alternative initiation 
strategies were impractical when hand pipetting. 
Inkjet printing of the composite material was achieved and optimised using the water 
stable SIC electrostatic dispersion and initiation using APS and TEMED. Gels 
appeared homogenous and robust enough to undergo multiple swelling cycles. The 
electrical transduction was far more consistent using inkjet printed gels and washes 
could be conducted to remove loose conductive particles. Only MOs could be used for 
inkjet printing with the dispersion as DNA hybridisation necessitates salt which caused 
particle aggregation. However, the viscosity of the MO solutions resulted in bubbles 
during aspiration and any printed MO crosslinked hydrogel composite volumes were 
therefore inconsistent. 
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6.1.2 Conclusions and Remaining Challenges 
 
The research presented in this thesis improved a number of facets of oligonucleotide 
crosslinked hydrogels and composites. Firstly, the benefits of DNA crosslinks as 
bioreceptors were clearly accentuated by using MO crosslinks and MO crosslinks can 
be used. These MO crosslinks, much like other DNA analogues like PNA or LNA could 
be readily utilised in established technologies using DNA as a bioreceptor. Much like 
LNA, MOs would improve sensitivity. Furthermore, MOs could be used in low salt 
conditions if using a solid-phase method, or no salt conditions if using solution-phase 
techniques or hydrogels.  
Optical transduction of hydrogel swelling could be improved most easily by using MO 
crosslinks in the sensor design developed by Stokke et al. However, the lack of 
multiplex capabilities means this technology is not viable for POC testing. The pNIPAm 
microgel etalons developed by Serpe et al. could be multiplexed, yet the microgel 
synthesis conditions (thermal initiation of APS above the lower critical solution 
temperature of pNIPAm)410 would cause thermal dehybridisation of DNA or MO 
crosslinks. Synthesis of pNIPAm microgels at 40 °C using APS and TEMED was 
achieved and optimised for copolymerisation with MO crosslinks, as the temperature 
is below the Tm of the MO crosslink.411 However, addition of the MO crosslinks caused 
aggregation at even the lowest concentrations. Further exploration and understanding 
of this may enable synthesis of MO crosslinked pNIPAm microgels that could be 
incorporated into etalons for miRNA detection.  
The composite UV initiation issues were overcome through inket printing using APS 
and TEMED for initiation. Printing of the MO crosslinks, either with the monomer 
solutions or as a separate solution, should be achievable using an alternative nozzle 
or solvents. Accurate dispensing would then allow accurate investigation into swelling 
and electrical properties of the printed MO crosslinked composites and further 
optimisation if required. Initial SEM images suggested an improved composite 
homogeneity, although cryo-fractured samples would need to be imaged to inform of 
the internal structures within the composite. Alternative conductive components could 
be investigated, in particular any printable materials should be readily adaptable. 
Rather than unattached conductive components, alternatives such as 
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copolymerisation with poly(ionic liquid)s, or a conductive polymer formed within the 
hydrogel matrix, should reduce any leaching and may increase the reproducibility of 
results. 
Alternative electrode designs could prove to be more appropriate for investigating the 
electrical properties of this material and could reduce the delamination issues. A 
sandwich stacked electrode, wherein the composite is between an anode on bottom 
and a cathode layer on top (or vice versa) would prevent detachment and minimise 
the area through which leaching could occur.412 Solution could be flowed in from the 
edges and pressure controls could be implemented to control hydrogel swelling 
directions. Similarly, a well electrode, in which a 3D layers of insulator and electrode 
are constructed and a hole drilled for material to fill, would again allow for composite 
investigation without drastic delamination or detachment.413 Furthermore, the well hole 
ensures that material will be placed and remain in the appropriate location during 
synthesis. Adapting the hardware to minimise the voltage applied may also help to 
reduce delamination and ensure that the measured resistance is within an appropriate 
range, while uncharged MO crosslinks may enable alternative electrical interrogation 
methods such as impedance monitoring. 
 
6.1.3 Concluding Remarks 
 
This thesis has established the benefits of MO crosslinks in a world’s first MO 
crosslinked hydrogel using optical transduction to show improved sensitivity, thermal 
stability and no salt sensitivity. Optical transduction remains insufficiently sensitive for 
real world applications. Steps to address the challenges of the oligonucleotide 
crosslinked composite sensor design developed previously by Dr Ferrier were made, 
namely development of an inkjet printable composite material. Further improvements 
are required to accurately print MO crosslinks and more appropriate electrode designs 
necessary. Inkjet printed MO crosslinked composites have the potential to be rapid, 
specific and sensitive miRNA sensors and electrical transduction would facilitate rapid 
miRNA fingerprinting for disease diagnosis. This avenue of research could prove to 
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be revolutionary for healthcare if improvements achieve the electrical transduction with 
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Figure A1 MALDI-ToF Spectrum of Modified ‘Sensor’ Morpholino Oligonucleotide 
 
 
Figure A2 MALDI-ToF Spectrum of Modified ‘Blocker’ Morpholino Oligonucleotide 
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function V= gel vol 1(I,LHS,RHS,horizon,top,width,chip size)  
%------------------------------------------------------------  
%Function to calculate droplet volume from an image given a %pre-defined ’ region of interest ’  
%------------------------------------------------------------  
%AUTHOR: David Ferrier  
%DATE: 26/11/15  
%------------------------------------------------------------  
%Inputs : 
%I - image data 
%LHS - left hand extent of region of interest 
%RHS - right hand extent of region of interest 
%width - width of chip (in pixels) 
%horizon - lower extent of region of interest 
%top - upper extent of region of interest 
%chip size - width of chip in mm 
% --------------------------------- 
%Output: 
%V - Droplet volume (in uL)  
%------------------------------------------------------------  
I = double(255 I ); %Invert image ( light to dark)  
%------------------------------------------------------------  
%Crop image to region of interest  
J = I(top:horizon,LHS:RHS);  
[row,col] = size(J);  
%------------------------------------------------------------  
%---------- 
%Define threshold for droplet edge detection based on image  
%edges  
left edge = J(: ,1); 
right edge = J(: , col ); 
left max = max(left edge); 
right max = max(right edge); 
edge max = max(left max ,right max);  
thresh = edge max + 10;  
%---------- 
%Find edges of droplet for every row  
lhs = zeros(row,1); %Left hand side 
for ind = 1:row 
     for dni = 1:col  
          if J(ind,dni)>thresh  
               lhs(ind,1) = dni;  
               break  
          end 
     end 
end  
rhs = zeros(row,1); %Right hand side  
for ind = 1:row 
     for dni = col:-1:1  
          if J(ind,dni)>thresh  
               lhs(ind,1) = dni;  
               break  
          end 




%Calculate volume by assuming droplet is composed of a series  
%of perfect circles stacked on top of each other  
Vpix = 0; 
for ind = 1:row  
     if rhs(ind,1)==col || lhs(ind,1)==1;  
          continue  
     end 




%Convert from pixels to real scale  
pixel d = chip size/width; %mm  
pixel d = pixel d /1000; %m  
pixel v = pixel dˆ3; %m3  
V= Vpix*pixel v; %m3  
V=V*1e9; %uL  
%------------------------------------------------------------  
%------------------------------------------------------------ 
 
